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ABSTRACT 
 
Biological functions of a cell are encoded within its genome and regulated through complex 
genetic networks. Direct manipulation of the genome and the transcriptome in multiplex enables 
study of gene-gene interactions and rapid creation of industrially or therapeutically useful cells. 
Such manipulations, including genome editing and epigenetic regulation of gene expression, rely 
on a group of precise DNA-binding proteins, which include zinc finger proteins (ZFPs), 
transcription activator like effectors (TALEs), and clustered, regularly interspaced short 
palindromic repeats (CRISPR)/CRISPR-associated protein 9 (CRISPR/Cas9). ZFPs and TALEs 
rely on protein domain shuffling for targeting different genomic loci, which can be laborious and 
expensive. Instead, CRISPR/Cas9 is guided by a 20 bp ribonucleotide, which can be synthesized 
in multiplex rapidly and cost-effectively. This dissertation describes my efforts in engineering 
the CRISPR/Cas9 system for multiplex genome editing and gene regulation in eukaryotic cells. 
 
The first part of this dissertation (Chapters 2 and 3) focuses on genome editing in Saccharomyces 
cerevisiae. S. cerevisiae, also known as the baker’s yeast, is an important model eukaryotic 
organism for basic research, as well as a preferred industrial host for production of biofuels, 
pharmaceuticals and fine chemicals. I developed a Homology-Integrated CRISPR/Cas9 (HI-
CRISPR) system for concurrent disruption of up to three genes in S. cerevisiae. This system 
enabled rapid and efficient generation of yeast strains with multiple mutations and should prove 
useful for studying yeast gene functions. Based on the design of the HI-CRISPR system, I further 
developed a CRISPR/Cas9 and homology-directed repair assisted genome-scale engineering 
(CHAnGE) system for engineering and directed evolution of S. cerevisiae strains. Using the 
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CHAnGE system, I identified both known and novel genes susceptible to acetic acid or furfural 
toxicity. Finally, I demonstrated one-step, high efficiency in vivo site directed mutagenesis in S. 
cerevisiae for introducing designed mutations into native chromosomal contexts. 
 
The second part of this dissertation (Chapters 4 and 5) focuses on ligand-inducible, multiplex 
gene regulation in mammalian cells. Ligand-inducible gene regulation enables temporal control 
of gene functions, which is necessary in interrogating dynamic gene regulatory networks. 
However, temporal control is currently limited on a single gene level. I developed chemically 
induced transcription activators by combining orthogonal CRISPR/Cas9 systems and chemically 
induced dimerizing proteins. In HEK293T cells, these transcription activators exerted 
simultaneous activation of multiple genes and orthogonal regulation of different genes in a 
ligand-dependent manner with minimal background. As proof of concept, I attempted to convert 
mouse embryonic fibroblasts to neuronal cells using chemically induced CRISPR/Cas9 
activators. 
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Chapter 1. Introduction 
1.1 CRISPR/Cas9 as an RNA-guided DNA-binding Protein 
Genome editing or gene regulation tools are useful in studying gene functions by introducing 
mutations or altering gene expression levels. Site-specific genome editing or gene regulation has 
been relying on a class of engineered DNA-binding proteins, including zinc finger proteins 
(ZFPs) [1-5], transcription activator like effectors (TALEs) [6-8], and clustered, regularly 
interspaced short palindromic repeats (CRISPR)/CRISPR-associated proteins (CRISPR/Cas).  
 
ZFPs are composed of an array of zinc finger domains, each recognizing a unique stretch of 3 bp 
DNA sequence (Figure 1.1a). By shuffling the sequence of the zinc finger domains, ZFPs can be 
programmed to bind to different DNA sequences. However, engineering ZFPs for altered DNA-
binding specificity has been proven difficult due to the context-specific interactions between zinc 
finger domains. As a result, engineering specific ZFPs usually requires sophisticated screening or 
selection procedures [9-11]. Zinc finger nucleases (ZFNs) are chimeric proteins made by 
tethering a FokI nuclease domain to a ZFP. ZFNs act as a dimer to create a DNA double strand 
break (DSB) in the target site to facilitate genome editing (Figure 1.1b). An ZFP can also be 
repurposed as a transcription factor by fusing with an effector domain, such as an activator 
domain (Figure 1.1c).  
 
TALEs are composed of an N-terminal region (NTR), a central repeat domain, and a C-terminal 
region (CTR) (Figure 1.2a). Similar to ZFPs, the central repeat domain is also composed of an 
array of repeating protein motifs. In contrast to ZFPs, each motif only recognizes a specific 
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Figure 1.1 a) Architecture of a zinc finger protein composed of three zinc finger domains. Each zinc finger domain 
recognizes a distinct 3 bp DNA sequence. The entire ZFP recognizes a 9 bp DNA sequence. b) Two zinc finger 
nucleases form a dimer for cleavage of a DNA sequence. c) Architecture of an artificial transcription factor formed 
by tethering an activator domain to the ZFP. 
 
nucleotide in the target DNA strand, with no context-dependent interactions between adjacent 
motifs. As a result, the specificity of TALEs solely depends on the sequence of the motifs, 
making engineering of TALE specificity more straightforward than engineering that of ZFPs. A 
standard TALE assembly protocol still requires a reservoir of TALE repeats and preferably, a 
robotic system for high fidelity and efficient assembly [12-14]. Similar to ZFPs, TALEs can be 
fused with FokI domain to create TALE nucleases (TALENs) or with effector domains to create 
artificial transcription factors (Figure 1.2b,c). 
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Figure 1.2 a) Architecture of a TALE protein composed of an NTR, central repeats, and a CTR. Each repeat 
recognizes a specific nucleotide. b) Two TALENs form a dimer for cleavage of a DNA sequence. c) Architecture of 
an artificial transcription factor formed by tethering an activator domain to the TALE protein. 
 
The CRISPR/Cas system is an adaptive immune system originally discovered in bacterial 
species. It functions as a defense mechanism against invading phages [15, 16]. Many subtypes of 
CRISPR/Cas system exist in various bacterial species. Among the different subtypes, the type II 
CRISPR/Cas9 system represents the simplest system due to its single protein architecture. It is a 
ribonucleoprotein consisting of a CRISPR RNA (crRNA)/trans-activating crRNA (tracrRNA) 
duplex and a Cas9 protein (Figure 1.3a). The crRNA locus consists of interspaced direct repeats 
and spacers, which are expressed as a single primary transcript and then processed into 
individual mature crRNAs (Figure 1.4). Each crRNA harbors a 20 bp spacer sequence. This 
spacer shares the same sequence with a protospacer in the phage genome. The Cas9 protein is  
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Figure 1.3 a) Architecture of the CRSIPR/Cas9 system bound to a genomic target site. The CRISPR/Cas9 system 
consists of a Cas9 nuclease, a crRNA and a tracrRNA. The Cas9 nuclease cleaves the target site 3 bp upstream of 
the PAM sequence. RuvC and HNH are two nuclease domains responsible for the cleavage. The crRNA hybridizes 
with the complementary strand to form a D-loop. b) A synthetic loop was added between the crRNA and tracrRNA 
to form the synthetic gRNA. c) Catalytically dead Cas9 (dCas9) was made by introducing two amino acid 
substitutions into the nuclease domains (D10A for RuvC, H840A for HNH). An activator domain was fused to 
dCas9 to form an artificial transcription activator. 
 
guided by the crRNA to target the invading phage genome with both a matched protospacer and 
a protospacer adjacent motif (PAM). The Cas9 protein binds to the protospacer by forming a D-
loop and cleaves the phage DNA (Figure 1.3a). The absence of the PAM sequence in the 
bacterial genome prevents self-cleavage. The CRISPR/Cas9 system serves as an ideal DNA-
binding protein since no sophisticated protein engineering is required for altering its targeting 
specificity. Because the binding relies on RNA-DNA base pairing, the DNA-binding specificity 
of Cas9 can be changed easily by altering the spacer sequence of crRNA. This is a big advantage 
over ZFPs and TALEs not only because of its simplicity, but also because of the reduced cost of 
synthesizing a short stretch of RNA than a bulky protein. 
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Figure 1.4 Processing and maturation of crRNAs. The CRISPR locus is composed of interspaced direct repeats and 
spacers. The entire locus is first transcribed into a single pre-crRNA. The pre-crRNA is processed by RNase III and 
unknown enzymes into individual mature crRNAs. Each crRNA harbors a unique 20 bp guide sequence that 
hybridizes with the protospacer sequence and part of the direct repeat that hybridizes with the tracrRNA. 
 
1.2 Multiplex Targeting by CRISPR/Cas9 
One of the key advantages of CRISPR/Cas9 over ZFPs or TALEs is the easiness of multiplex 
targeting different genomic loci. The natural CRISPR locus consists of multiple spacer 
sequences interspaced by direct repeats. The entire locus is transcribed as a single pre-crRNA 
before processing into individual mature crRNAs (Figure 1.4). Each crRNA will guide the Cas9 
protein to a specific genomic locus. Simultaneously expressing multiple crRNA in a single 
crRNA array or multiple gRNAs will enable multiplex targeting by Cas9. As a result, multiplex 
genome editing or gene regulation can be achieved. Since the Cas9 protein is shared by different 
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crRNAs or gRNAs, introduction of multiple bulky proteins as in the case of ZFPs and TALEs is 
avoided. Delivery of multiple crRNA/gRNAs can be achieved in two ways (Figure 1.5). One is 
to clone all crRNA/gRNAs into a single vector, then introduce the vector into the organism of 
interest (Figure 1.5a). For crRNAs, it is required to clone them into a crRNA expression cassette 
with interspaced direct repeats for proper processing and maturation of individual crRNAs. For 
gRNAs, they can either be cloned as individual expression cassettes or as a single expression 
cassette with interspaced, excisable Csy4 sites or tRNAs [17, 18]. The other way is to clone each 
gRNA into a separate vector (Figure 1.5b). This is more straightforward since no multi-step 
cloning is needed for putting all the gRNAs into a single vector. gRNAs are delivered as a mixed 
pool, either in the form of plasmid or as in vitro transcribed RNA. 
 
1.3 Genome Editing Using CRISPR/Cas9 
The CRISPR/Cas9 system has been successfully repurposed as a genome-editing tool [19, 20]. 
The Cas9 protein is a multidomain protein with two endonuclease domains, HNH and RuvC 
(Figure 1.3a). HNH is responsible for the cleavage of the complementary strand, while RuvC is 
responsible for the cleavage of the noncomplementary strand [21]. After binding to the target 
site, Cas9 cleaves the DNA and generates a double strand break (DSB). The cleavage generates a 
blunt-end break between the third and fourth nucleotide upstream of the PAM sequence [20]. 
The DSB is repaired by one of the two major repair pathways, non-homologous end joining 
(NHEJ) or homology-directed repair (HDR) (Figure 1.6). NHEJ rejoins the two DSB ends either 
in a precise way or in an imprecise way. Precise NHEJ recovers the Cas9 target site. As a result, 
Cas9 generates the DSB again. This repeated cutting-rejoining cycle is terminated when 
imprecise NHEJ generates an indel or mismatch mutation. For two out of three such mutations, a  
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Figure 1.5 Delivery methods for multiple cr/gRNAs. a) Multiple gRNAs can be cloned into a single vector through 
sequential digestion and ligation. In an alternative way, they can be cloned into a single expression cassette using 
custom assembly protocols, providing that cr/gRNAs are separated by excisable elements such as direct repeats or 
Csy4 sites. b) Multiple gRNAs can be delivered as a mixed pool of plasmids or in vitro transcribed RNA. This is 
commonly seen in mammalian cell transfection or embryo injection. 
 
frame shift will be introduced into the open reading frame and disrupt the protein function. HDR 
uses a homologous recombination (HR) template to repair the DSB. The template could be a 
sister chromatid, a plasmid, or linear DNA. Since HDR faithfully copies the sequence 
information from the template, it is considered precise genome editing. Using HDR, custom 
designed mutations can be introduced into the genome. CRISPR/Cas9 has been used for genome 
editing in a variety of organisms including bacteria [22-24], yeast [25-28], plants [29, 30], mice 
[31-33], primates [34], human [35] and so on. The crRNA and tracrRNA were also combined 
into a chimeric guide RNA (gRNA) for cloning into a single expression cassette (Figure 1.3b).  
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Figure 1.6 CRISPR/Cas9 mediated genome editing. The Cas9 generates a double strand break 3 bp upstream of the 
PAM site. The DSB triggers DNA damage repair through two major pathways, NHEJ and HDR. NHEJ rejoins the 
DSB ends and often introduces random indel mutations into the genome. If the target site is within a protein coding 
sequence, a frame-shift mutation and a premature stop codon will be introduced to disrupt the gene function. HDR 
repairs the DSB by copying genetic information from a homologous recombination template, enabling precise 
genome editing. 
 
1.4 The Concepts of Multiplex Genome Engineering and Genome-scale Engineering 
It is important to differentiate between the concepts of multiplex genome engineering and 
genome-scale engineering in this dissertation. Multiplex genome engineering refers to 
simultaneously introducing multiple genome edits into the same genome. The genome edits can 
be point mutations, insertions, deletions, or translocations (Figure 1.7). It emphasizes the  
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Figure 1.7 Different types of multiplex genome engineering. a) Multi-allelic modification. One nuclease or nuclease 
pair cleaves multiple copies of the same site. b) Multi-gene disruption. Multiple nucleases/nuclease pairs target 
different loci across the genome. c) Chromosomal excision. Two distant cleavages and splicing of the two break 
points cause the loss of a large chromosome fragment. d) Chromosomal inversion. Two distant cleavages cause the 
inversion of a large chromosome fragment. e) Chromosomal translocation. Two cleavages on two different 
chromosomes cause the translocation of chromosome arms. f) Chromosomal duplication (a special case of 
chromosomal translocation). Two cleavages on two sites of two identical chromosomes result in the duplication of 
chromosome fragment in between the two cleavage sites. The brown star represents a duplicated gene. 
 
capability of making parallel edits within a single cell (Figure 1.8a). Genome-scale engineering 
refers to introducing genome edits into a population, with each cell receives a single, unique edit  
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Figure 1.8 a) Multiplex genome engineering refers to simultaneously editing multiple loci in a single genome. b) 
Genome-scale engineering refers to simultaneously editing a large population of cells, with each cell receiving a 
unique edit. 
 
(Figure 1.8b). The genome edits usually covers the whole genome under investigation, for 
example targeting every gene in a yeast genome. Genome-scale engineering is useful in 
generating a large pool of mutants for high throughput, parallel analysis. 
 
1.5 Gene Regulation Using dCas9 Activators 
The nuclease domains of Cas9 can be inactivated by substituting the catalytic amino acid 
residues to alanines (Figure 1.3c). Specifically, the D10A mutation in the RuvC domain and the 
H840A mutation in the HNH domain deactivate the Cas9 nuclease function [20]. The resulting 
Cas9 mutant is called dead or nuclease-deficient Cas9 (dCas9), which still binds to the genomic 
target but does not cleave the DNA strands. dCas9 activators are chimeric proteins made by 
fusing a gene activation domain to the dCas9 protein (Figure 1.3c). For example, a synthetic 
gene activation domain VP64 can be fused to dCas9 to create dCas9-VP64. dCas9-VP64 was 
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shown to activate the expression of human endogenous genes with high specificity [36]. The 
efficiency of dCas9 activators has also been increased by using stronger activation domains such 
as VPR [37] and SAM [38]. 
 
1.6 Inducible Gene Regulation 
When put under a constitutive promoter, an artificial transcription factor will act on its target 
gene without regulation. Inducible gene regulation is desired as the dosage and duration of gene 
activation can be controlled. This is important for fine-tuning gene regulation networks in 
complex biological settings. An artificial transcription activator, such as dCas9 activator, can be 
engineered to respond to external stimuli, such as light and chemicals (Figure 1.9). Light-
inducible or chemically inducible transcription activators have been made based on ZFPs or 
TALEs [39-44]. For inducible CRISPR/Cas9, multiple approaches have been attempted with 
success, including inducible promoters [45, 46], destabilization domains [47, 48], estrogen 
receptor domains [49-51], light-inducible dimerization domains [52-54], and chemically induced 
split Cas9 proteins [55]. Theoretically, all these approaches can be used for inducible gene 
regulation. 
 
 
 
Figure 1.9 Concept of inducible gene regulation. The transcription factor is only active in the presence of an 
external stimulus. 
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1.7 Overview of this Dissertation 
In the first part of this dissertation, I will focus on developing CRISPR/Cas9 based genome 
engineering tools in model eukaryotic organism Saccharomyces cerevisiae. Both multiplex 
genome engineering and genome-scale engineering will be discussed. In the second part of this 
dissertation, I will focus on developing CRISPR/Cas9 based, chemically induced transcription 
activators in mammalian cells. Orthogonal CRISPR/Cas9 systems will be exploited for 
orthogonal control of multiple genes. 
 
In Chapter 2, I will discuss my efforts in developing a homology-integrated CRISPR/Cas9 (HI-
CRISPR) system for multiplex gene disruptions in S. cerevisiae. The homology-integrated 
design enabled HDR-dependent, high efficiency gene disruption. I further demonstrated that 
multiple homology-integrated spacers can be expressed in a single crRNA array for simultaneous 
disruption of three genes. 
 
In Chapter 3, I will discuss CRISPR/Cas9 and homology-directed repair assisted genome-scale 
engineering (CHAnGE) of S. cerevisiae. A high throughput workflow was developed for 
generating, screening, and analyzing a genome-wide pool of S. cerevisiae mutants. Genome-
scale engineering and directed evolution of yeast strains tolerant to growth inhibitors were 
demonstrated using the developed workflow. In the end of this chapter, a method for one-step, 
high efficiency in vivo site directed mutagenesis was shown to study mutant gene functions in its 
native chromosomal environment. 
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In Chapter 4, I will describe CRISPR/Cas9 based genetic regulation in human cells. Chemically 
induced CRISPR/Cas9 activators were first developed to induce expression of repressed genes in 
HEK293T cells. Orthogonal CRISPR/Cas9 systems and chemically induced dimerization 
systems were further combined to regulate expression of multiple genes in a time-dependent 
manner. 
 
In Chapter 5, I will describe an ongoing project based on the chemically induced CRISPR/Cas9 
activators developed in Chapter 4. These activators were evaluated in a stably integrated 
HEK293T cell line. I will further describe some preliminary data showing the activation of 
endogenous BAM factors by a constitutive CRISPR/Cas9 activator in mouse embryonic 
fibroblasts. 
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 Chapter 2. Multiplex Genome Editing in Saccharomyces cerevisiae 
2.1 Introduction 
Disruption of multiple genes is a widely used strategy for characterizing specific gene functions 
within complex genetic pathways [1]. It also facilitates the construction of versatile model hosts 
for heterologous gene expression [2], identification of multidrug-resistant gene sets [3], and 
investigation of disease mechanisms [4]. In addition, multiple gene disruption is also considered 
an effective metabolic engineering strategy for improving biofuels and biochemicals production 
[5, 6].  
 
As a model organism, Saccharomyces cerevisiae has been widely used for genetic research [7], 
exploration of disease mechanisms [8], and metabolic engineering [9]. Single gene disruption in 
S. cerevisiae is typically achieved by substituting the target gene with a selectable marker 
through homologous recombination (HR), which is highly efficient in S. cerevisiae [10]. 
Therefore, multiple gene disruptions is traditionally achieved in a sequential manner [11], by 
recycling the limited number of selectable markers. Unfortunately, challenges inevitably arise 
during this process. Not only is this process slow and tedious, but marker removal can also 
frequently cause mis-targeting events [12, 13]. Very few strategies exist today to perform 
simultaneous multiple gene disruptions in yeast. A recently developed tool, green monster, 
allows deletion of multiple genes in S. cerevisiae via cycles of sexual assortment and 
fluorescence activated cell sorting (FACS) [14]. However, each deletion target has to be first 
replaced by a reporter gene, and iterative rounds of mating and sporulation are required, which is 
very laborious and time-consuming [14]. 
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The CRISPR/Cas9 system was recently exploited as an efficient gene-targeting technology in 
several prokaryotes and eukaryotes [15-18]. Simultaneous delivery of multiple gRNAs opens up 
the possibility for targeting multiple genes at the same time [15]. In a recent work, near 100% 
single gene replacement efficiency was reached after co-transformation of the CRISPR/Cas9 
system and a linearized HR donor DNA in S. cerevisiae [19]. However, there are several 
limitations for multiple gene targeting using this strategy. First, either five µg of marker cassette 
(1.4 kb) or one nmol (~58.5 µg) of double-stranded oligonucleotide donor (90 bp) is required to 
achieve a 100% single gene replacement efficiency [19]. It is hard to ensure that this amount of 
DNA can all be accepted by S. cerevisiae when multiple donors need to be introduced [20, 21]. 
Second, as observed with other genome editing tools (e.g., transcription activator-like effector 
nucleases (TALENs)) [22, 23], the targeting efficiency mediated by CRISPR/Cas9 is also site-
dependent [24, 25]. The 100% gene replacement efficiency has only been reported for targeting 
CRISPR susceptible sites [19]. Third, several RNA polymerase III regulatory elements are 
needed to express gRNAs targeting multiple genes [18, 26], which is inconvenient for 
standardized plasmid construction. Therefore, it is not surprising that this strategy has not been 
used to generate multiple gene disruptions in S. cerevisiae.  
 
In this chapter, I will describe the HI-CRISPR system for addressing these limitations. To the 
best of my knowledge, this is the first example of using CRISPR/Cas9 for multiple gene 
disruptions in S. cerevisiae. As proof of concept, three endogenous genes, CAN1, LYP1 and 
ADE2, were simultaneously disrupted. The overall efficiency ranged from 27% to 87%, when 
different sets of targeting sites were used. Furthermore, another three genes involved in an 
artificial hydrocortisone biosynthetic pathway, ATF2, GCY1 and YPR1, were simultaneously  
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Figure 2.1 CRISPR/Cas9 targeting EGFP reporter with guide sequence GFP0. a) A scheme showing the design of 
GFP0 spacers with different lengths.  The PAM sequence was highlighted in yellow. The 3’ end of EGF sequence 
was highlighted in grey. b) A scheme showing the design of EGFP reporter system.  The EGFP function will be 
restored after Cas9 cleavage and homologous recombination. c) The percentage of GFP positive cells 48 hours after 
transformation of the CRISPR-Cas system with different GFP0 spacers.  Error bars indicate standard deviation of 
three biological repeats. 
 
disrupted in six days with 100% efficiency, which was determined by genotyping of randomly 
selected colonies. 
 
2.2 Results 
2.2.1 Design and Optimization of a Homology-Integrated CRISPR/Cas9 System for Efficient 
Gene Disruption 
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Figure 2.2 A scheme showing the design of a 100 bp HR donor for CAN1.w site.  The 8 bp deletion includes the 
PAM sequence and the last 3 bp of the guide sequence.  HR donors with different lengths were obtained by 
simultaneously changing the 5’ end of left homology arm and 3’ end of right homology arm by 10 bp.   
 
During the process of crRNA maturation, the 5’ end region of the spacer is cleaved by RNase III 
and unknown endogenous nuclease(s), which means that this region does not contribute to 
crRNA function [27, 28]. Therefore, this region was exploited to harbor HR disruption donors in 
such a way that multiple crRNAs and HR disruption donors can be assembled in one-step. To 
this end, the minimal length of a functional spacer was identified using an enhanced green 
fluorescent protein (EGFP)-based single-strand annealing reporter system (Figure 2.1) [29]. 
Repair of the two truncated EGFP DNA fragments can be triggered by a double strand break 
(DSB) generated by CRISPR/Cas9, resulting in the expression of a functional EGFP (Figure 
2.1b). A spacer with a 20 bp sequence upstream of PAM successfully restored the function of 
EGFP, and comparable expression of functional EGFP was also observed when the spacer length 
was increased to 120 bp (Figure 2.1c).  
 
The core design principle of the HI-CRISPR system is to achieve efficient gene disruptions in S. 
cerevisiae with simple manipulations. The HR disruption donor containing 8 bp deletion in the 
middle is designed to recombine with the target genomic locus (Figure 2.2). The 8 bp deletion 
includes the PAM sequence and the last 3 bp of the protospacer, which prevents repeated 
recognition and cleavage by CRISPR/Cas9 after recombination. To avoid repeated introduction  
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Figure 2.3 Schematic of the two-plasmid HI-CRISPR system for single gene disruption.  The crRNA array was 
constructed onto pRS423 backbone to generate plasmid pCR.  The iCas9 and tracrRNA were constructed onto 
pRS415 backbone to generate plasmid pCT.  The pre-crRNA is transcribed from the pCR plasmid and processed 
into mature crRNA by RNase III and unknown nuclease(s).  The green dashes at the 5’ end of mature crRNA and 
the question mark indicate whether the HR donor is fully cleaved is unknown. The iCas9 and tracrRNA are 
expressed from the pCT plasmid and complexed with mature crRNA to form the dual-RNA guided nuclease.  The 
nuclease is then guided to target the genomic locus.  The target gene is cleaved by iCas9, generating a DSB.  The 
DSB is repaired through recombination with the HR disruption donor harbored in the spacer of the crRNA array on 
plasmid pCR.  The repaired gene function is disrupted by a small deletion in the donor sequence.   
 
of dsDNA fragments as repairing templates, the HR disruption donor was maintained under 
selective pressure by integrating the donor between two direct repeats as a 5’ extension of the 
guide sequence (Figure 2.3), which enables one-step construction of all required elements 
(Figure 2.4). In the CRISPR array, expression of multiple spacers flanked by direct repeats is 
driven by a single promoter, where the resultant transcript can be processed into multiple  
24 	
Table 2.1 Plasmid descriptions 
Plasmid name Backbone Promoter Gene Terminator 
Two plasmid system 
pCT pRS415G# TEF1p iCas9 ADH2t 
RPR1p tracrRNA RPR1t 
pCR pRS423 SNR52p crRNA SUP4t 
One plasmid system 
pCRCT pCR-trunURA3## SNR52p crRNA SUP4t 
TEF1p iCas9 ADH2t 
RPR1p tracrRNA RPR1t 
Helper plasmids 
pGal10p-Cas9 pRS415G Gal10p Cas9 ADH2t 
pRPR1p-BsmBI pRS415G RPR1p  RPR1t 
pRPR1p-tracrRNA pRS415G RPR1p tracrRNA RPR1t 
pGal10p-CT pRS415G Gal10p Cas9 ADH2t 
RPR1p tracrRNA RPR1t 
pTEF1p*-CT### pRS415G TEF1p* iCas9 ADH2t 
RPR1p tracrRNA RPR1t 
pCR-trunURA3 pRS423 SNR52p crRNA SUP4t 
EGFP reporter system 
YEp-CT YEp ADH2p hSpCas9 ADH2t 
RPR1p tracrRNA RPR1t 
pRS415-crGFP0 pRS415G SNR52p crGFP0 SUP4t 
 
# pRS415G was obtained by removing BsmBI sites in pRS415 
## trunURA3 is the URA3 gene with a truncated promoter 
### TEF1p* was obtained by removing the BsaI site in TEF1p promoter through site directed mutagenesis. 
 
crRNAs [30]. To take advantage of natural polycistronic CRISPR arrays for multiplex targeting, 
crRNA is used instead of gRNA (Figure 2.5a). The transcribed pre-crRNA can be processed into 
mature crRNA by host RNase III and unknown nuclease(s). Cas9 and tracrRNA are expressed 
separately and then assembled with crRNA to form the dual-RNA guided endonuclease. The 
nuclease is then guided by crRNA to target and cleave the genomic locus to generate a DSB. The 
DSB is repaired through recombination with the HR disruption donor. Once the HR disruption 
donor is recombined with the target locus, a frame shift will be generated to abolish the normal 
protein translation (Figure 2.3). In most cases, a premature stop codon was consequently 
introduced.  
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Figure 2.4 gBlock design for Golden Gate assembly of the crRNA array. gBlock can be synthesized as a single 
double stranded DNA molecule for one-step Golden Gate assembly into pCR or pCRCT plasmids. If multiple 
spacers are assembled, two gBlock fragments can be designed in case sequence complexity prevents the synthesis of 
a single gBlock fragment. The BsaI recognition sites are highlighted in grey, cleavage sites denoted by red arrows. 
The spacer sequences are highlighted in green. If multiple spacers are assembled, the DR sequences are included 
between spacers. The 4 bp junctions are in bold. In the double gBlock design scheme, junctions within the spacer 
sequence can be determined by the user. Here, a GGCC junction is depicted as an example. We recommend 
including at least two GC pairs in the junction sequence. 
  
A Cas9 variant was accidentally obtained during the plasmid construction process. This gene 
harbors two point mutations, resulting in a double mutant variant (D147Y, P411T). Gene 
disruption efficiency mediated by the variant was higher than that of the wild type Cas9 (Figure 
2.6). This gene was named as iCas9 (improved Cas9) and therefore adopted for all the 
subsequent experiments.  
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Figure 2.5 Gene disruption efficiency by the one-plasmid HI-CRISPR system. a) A scheme showing the design of 
one-plasmid HI-CRISPR system. b) The upper scheme shows the relative positions of CAN1.w, CAN1.c and 
ADE2.a target sites within each gene.  The grey box represents the guide sequence and the purple bar represents the 
PAM sequence.  A left PAM sequence indicates a site on the negative DNA strand.  The table summarizes the guide 
sequence and PAM sequence of each target site. c) The CAN1 disruption efficiencies were assessed 2 days after 
transformation of the two-plasmid system targeting at either CAN1.w or CAN1.c. d) CAN1 disruption efficiencies 
were assessed 4 days or 6 days after transformation of either two-plasmid or one-plasmid CRISPR-Cas systems 
targeting at the CAN1.c site. e) The ADE2 disruption efficiency was assessed 2 days after transformation of the one-
plasmid system targeting at the ADE2.a site.  All error bars indicate standard deviations of three biological repeats. 
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The optimal length of an HR disruption donor contained in a spacer was further determined for 
single gene disruption by CRISPR/Cas9. The endogenous negative selectable gene CAN1, 
encoding the plasma membrane arginine permease, was chosen as the target. Disruption mutant 
of CAN1 grew in the presence of toxic arginine analogue canavanine, enabling a quick readout of 
disruption efficiency [31]. HR disruption donors with 20 bp increments were designed by 
simultaneously changing the 5’ end of left homology arm and 3’ end of right homology arm by 
10 bp (Figure 2.2). A two-plasmid system was used for CRISPR/Cas9 expression (Figure 2.3). 
The iCas9 gene and tracrRNA, driven by the TEF1p and RPR1p promoters respectively, were 
cloned into the centromeric plasmid pCT (Table 2.1). Together with the 20 bp guide sequence 
targeting at 1331 bp downstream of the start codon of CAN1 (site CAN1.w), the 20, 40, 60, 80, 
100 and 120 bp HR disruption donors were constructed on the 2µ plasmid pCR (Table 2.1) for 
CAN1 disruption, achieving gene disruption efficiency of 0.44%, 0.33%, 0.62%, 12.76%, 
14.71% and 1.16% on day two, respectively (Figure 2.7). The CAN1 gene disruption was not 
detectable in the absence of an HR disruption donor and a crRNA (Figure 2.7). Similarly, no 
gene disruption was detectable when only the HR donor and crRNA were present (Figure 2.7). 
We sequenced 16 randomly selected canavanine resistant colonies and verified the expected 8 bp 
deletion at the targeted locus in all clones (Figure 2.8), indicating that the loss of CAN1 function 
was caused by CRISPR/Cas9 assisted homologous recombination.  
 
The highest CAN1 disruption efficiency (14.71%) was obtained using a 100 bp HR disruption 
donor. Therefore, this donor length was chosen for subsequent gene disruptions. However, this 
efficiency was not yet high enough for multiplex gene targeting. We speculate that suboptimal 
cleavage or low HR efficiency can be improved by giving the cells more time to grow. Thus, we  
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Figure 2.6 Comparison between Cas9 and iCas9 mediated single gene disruption efficiencies. The ADE2 single 
gene disruption efficiency was calculated 4 days after transformation of the one plasmid CRISPR/Cas9 system 
harboring either Cas9 or iCas9.  Error bars indicate standard deviation of three biological repeats. 
 
sought to improve the gene disruption efficiency by growing the cells for a prolonged period of 
time in liquid SC medium, which prevented the loss of CRISPR/Cas9 plasmids. As shown in 
Figure 2.9, CAN1 disruption efficiency was steadily improved through serial transfers in liquid 
SC-LH medium. After twelve days of culture in liquid medium, a 100% CAN1 disruption 
efficiency was obtained. 
 
Although a high efficiency of single gene disruption was achieved, it was time-consuming. In 
order to shorten the time needed for efficient gene disruption, we attempted to stimulate gene 
disruption by increasing the copy number of the plasmid harboring the HI-CRISPR system. 
Previous studies showed that the URA3 gene with a truncated promoter on a plasmid was poorly  
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Figure 2.7 CAN1 disruption efficiency obtained 2 days after transformation.  Error bars indicate standard deviation 
of two biological repeats. 
 
expressed in yeast cells. To survive under the selection pressure, the cell needs to maintain a 
much higher copy number (~200 copies per cell) than that of a typical 2µ-based plasmid (10~40 
copies per cell) [32, 33]. Therefore, the receiver plasmid pCRCT with ultrahigh copy number 
was constructed for expressing the CRISPR/Cas9 genes and harboring the HR disruption donor 
(Figure 2.5a). As expected, 100% of CAN1 disruption efficiency was obtained after only four 
days of cultivation in selective medium when the CAN1.w site was targeted. To further 
demonstrate the efficacy of this one-plasmid based HI-CRISPR system, a poorly targeted site of 
the CAN1 gene (site CAN1.c), 362 bp downstream of the start codon (Figure 2.5b), was also 
chosen for analysis. Under the two-plasmid system, the CAN1 disruption efficiency with the 
CAN1.c target was 5.82% after two days of cultivation in liquid culture, which was 76% lower 
than that with the CAN1.w target (Figure 2.5c). Under the single plasmid system, the CAN1  
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Figure 2.8 Alignment of CAN1.w locus from 16 canavanine resistant colonies. The CAN1.w guide sequence was 
boxed and PAM sequence indicated in the wild type sequence. The early stop codons generated by the 8bp deletion 
in the HR donor were highlighted in purple. 
 
disruption efficiencies were 76% and 87% after four and six days of cultivation in liquid medium 
respectively. In comparison, the corresponding disruption efficiencies of the CAN1.c target were 
only 18% and 28% respectively using the two-plasmid system (Figure 2.5d). 
 
To investigate whether the improved gene disruption efficiency was generally applicable, 
disruption of another gene ADE2 was performed. The ADE2 gene encodes a 
phosphoribosylaminoimidazole carboxylase required for adenine biosynthesis. Red pigment will 
accumulate in the ADE2 nonsense mutant cell when adenine is absent from the medium [34]. 
Targeting at 154 bp downstream of the start codon of the ADE2 gene (site ADE2.a, Figure 
2.5b), a 100% disruption efficiency was achieved with the plasmid pCRCT-ADE2a after two 
days in liquid culture, while only 12.5% of ADE2 disruption efficiency was obtained with the 
two-plasmid system consisting of pCT and pCR-ADE2a at the same time point (Figure 2.5e). 
Taken together, these results demonstrated that increasing the plasmid copy number was an 
effective strategy for improving gene disruption efficiency mediated by CRISPR/Cas9. 
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Figure 2.9 Time course of CAN1 disruption by the two-plasmid HR100CAN1.w system. The CAN1 disruption 
efficiency was calculated every 2 days after transformation until day 12.  Error bars indicate standard deviation of 
two biological repeats. 
 
2.2.2 One-step Triple Gene Disruption in Saccharomyces cerevisiae 
Next, multiple simultaneous gene disruptions mediated by the HI-CRISPR system was 
investigated. In addition to CAN1 and ADE2, the LYP1 gene, encoding lysine permease, was 
chosen as the third target for multiple disruptions. Similar to the CAN1 disruption mutant, the 
LYP1 disruption mutant can grow in the presence of thialysine, a toxic lysine analogue [35]. 
Three sites including CAN1.w (1331 bp downstream of the start codon of CAN1), ADE2.a (154 
bp downstream of the start codon of ADE2) and LYP1.x (79 bp downstream of the start codon of 
LYP1), which showed a high efficiency for corresponding single gene disruption (Figure 2.5 and 
Figure 2.10), were combined together as array 1 for multiple gene disruptions (Figure 2.11a).  
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Figure 2.10 Identification of an efficient CRISPR site in LYP1 gene. a) A scheme showing the relative positions of 
four target sites in LYP1. b) A table showing the guide sequence and PAM sequence of each target site. c) The LYP1 
disruption efficiency was calculated for each target site 6 days after transformation. 
 
After four days of culture in SC-U medium, 83% of triple gene disruption efficiency was 
achieved using array 1 (Figure 2.11c). 
 
To evaluate the general applicability of this HI-CRISPR system for simultaneous multi-gene 
disruptions, another two CRISPR arrays were designed for these three target genes without pre-
screening of the targeting sites. To minimize the possibility of choosing a low efficiency target 
site and ensure the targeting specificity of the CRISPR-Cas system, several criteria were 
adopted. (i) An earlier region of the gene is preferred for targeting to ensure disruption of gene 
function. (ii) According to a previous study, one base pair mismatch at the last 12 bp of the guide 
sequence abolished the cleavage activity of CRISPR/Cas9 [18]. Therefore, the last 12 bp of the 
guide sequence should be unique in the genome of S. cerevisiae, minimizing the off-target 
activity. On the other hand, a genetic screen study using CRISPR/Cas9 showed that the gRNA 
efficiency is associated with specific sequence characteristics [25]. These specific characteristics  
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Figure 2.11 Simultaneous triple gene disruptions using the one-plasmid HI-CRISPR system. a) Schematic 
illustration of three different HI-CRISPR arrays. b) The scheme shows the relative positions of target sites within 
each gene used in triple gene disruption experiments.  Guide sequence and PAM sequence of each site are 
summarized in the table. c-e) Single gene and triple gene disruption efficiencies assessed 4 days after transformation 
of the corresponding CRISPR arrays using one-plasmid system. Error bars indicate standard deviation of three 
biological repeats. 
 
are also included in the design criteria: (iii) purines are preferred in the last 4 bp of spacer, (iv) 
antisense strand is preferred for targeting, and (v) the GC content of the 20 bp guide sequence 
should be between 20% and 80%. In addition, type III RNA polymerase terminates transcription  
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Figure 2.12 Simultaneous disruption of three genes involved in a hydrocortisone biosynthetic pathway using the 
one-plasmid HI-CRISPR system. a) Schematic of the HI-CRISPR array and relative positions of target sites within 
each gene.  Guide sequence and PAM sequence of each site are summarized in the table. b) Alignment of gene 
sequences from seven randomly picked colonies against the wild type sequences.  All seven colonies were triple 
disruption mutants. 
 
at a small polyT stretch [36]. So, (vi) polyT (more than 4 T’s) sequences are avoided in both the 
HR disruption donor and the crRNA guide sequence.  
 
As a result, array 2 was designed to target at 65 bp downstream of the start codon of CAN1 (site 
CAN1.f), 473 bp downstream of the start codon of ADE2 (site ADE2.b) and 112 bp downstream 
of the start codon of LYP1 (site LYP1.a). Using array 2 for multiple gene targeting, a triple gene 
disruption efficiency (87%) was achieved in four days, similar to that of using array 1 (Figure 
2.11c,d). Array 3 was designed to target at 846 bp downstream of the start codon of CAN1 (site 
CAN1.h), 555 bp downstream of the start codon of ADE2 (site ADE2.d) and 543 bp downstream  
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Figure 2.13 Investigation of the tolerant number of crRNA in a single crRNA array. a) A scheme showing the 
design of P1, P5, P9 and PN crRNA arrays.  The red box represents genome targeting HR80CAN1.w spacer, while 
the grey boxes represent non-targeting spacers with random sequences; b) CAN1 disruption efficiencies calculated 6 
days after transformation.  Error bars indicate standard deviations of two biological repeats. 
 
of the start codon of LYP1 (site LYP1.c). After four days culture in SC-U medium, the triple 
gene disruption efficiency reached 27% (Figure 2.11e).  
 
To demonstrate that the HI-CRISPR system can be used to disrupt genes whose mutations do not 
lead to clear phenotypes, another three yeast endogenous genes involved in an artificial 
hydrocortisone biosynthetic pathway, ATF2, GCY1 and YPR1 [37], were chosen as candidates 
for disruption. Three target sites, ATF2, GCY1 and YPR1, were designed according to the 
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criteria and assembled together with corresponding HR disruption donors into a single crRNA 
array (Figure 2.12a). After six days culture in SC-U medium, single colonies were isolated by 
diluted plating and seven of them were randomly picked and screened directly by PCR and 
sequencing. All the seven colonies were shown to be triple disruption mutants at defined target 
sites (Figure 2.12b).  
 
2.2.3 One-step Disruption of More Than Three Genes 
To investigate how many functional crRNAs can be contained in such a CRISPR array, nine 
crRNAs with only one functional crRNA targeting at the CAN1.w site of the CAN1 gene in 
different positions of the CRISPR array were designed (Figure 2.13a). When the functional 
crRNA was placed at the first position, the CAN1 disruption efficiency was similar to what was 
observed using only one crRNA (Figure 2.13b). However, the CAN1 disruption efficiency 
dropped to near zero when this crRNA was placed at the fifth position (Figure 2.13b), 
 
2.3 Discussion 
By taking advantage of the crRNA maturation mechanism of CRISPR/Cas9 and physiological 
properties of S. cerevisiae, we developed a new strategy for efficient and user-friendly multiple 
simultaneous gene disruptions in S. cerevisiae. Three features distinguish this system from other 
related methods: (i) Customized crRNAs containing HR disruption donors allow easy 
construction in one step; (ii) Gene disruption efficiency was greatly improved using an ultra-high 
copy number plasmid; (iii) Multiple gene disruption mutants can be easily obtained by random 
genotyping without screening or selection. Although only three genes were efficiently disrupted 
by this system, the plasmid can be removed by counter-selection of URA3 and recycled for the  
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Table 2.2 Comparisons between different multiple simultaneous gene disruption techniques in S. cerevisiae. 
Methods Cre-LoxP [13] Green Monster [14] This work 
Genes disrupted 4 16 3 
Time spent 35 days 143 days 4 days 
Average time per gene 8.75 days 8.94 days 1.33 days 
Selection or screening 
needed 
Auxotrophic marker 
selection 
FACS No 
Labor Intensive Intensive Low 
Ectopic sequences 
introduced 
Yes Yes No 
Plasmid construction Multiple PCR Multiple PCR One step Golden 
Gate 
Other constraints Selectable markers 
limited 
1.Single gene disruption mutant 
needed; 
2. Genotyping after each round; 
3. Some genes cannot be 
targeted. 
Target site 
dependency 
 
next round of multiple gene disruptions. Therefore, this strategy is potentially scalable. As 
summarized in Table 2.2, compared to other existing methods, this strategy is more efficient, 
less time consuming, and easier for manipulation. However, this strategy also has limitations. It 
was noted that high gene disruption efficiency was attained after a certain time period of 
incubation in the liquid medium, making the isolation of gene disruption mutants with growth 
defects problematic. 
 
An interesting finding of this study was iCas9. The two mutations (D147Y and P411T) were in 
the REC1 domain of Cas9, which was a critical region for DNA cleavage [38]. This may  
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Table 2.3 Preliminary off target effects of HI-CRISPR. Base differences in off targets are marked as red. 
 
Target 12bp seed sequence with PAM Disruption efficiency 
ARE2 GCTCCAAAGAGAAGG 7/8 
ARE2 off target (SFI1) TCTCCAAAGAGAAGG 0/8 
LRO1 AAAACAATAAAGGGG 7/8 
LRO1 off target (GCN2) AAAACATTAAAGCGG 0/8 
 
contribute to the improved targeting efficiency by iCas9. Preliminary studies also indicated that 
no obvious off-target effect was found when using HI-CRISPR for multiple gene disruptions 
(Table 2.3), suggesting potential broad applicability of iCas9 for genome editing.  
 
The CAN1 disruption efficiency with a 120 bp HR disruption donor was much lower than that 
with a 100 bp HR disruption donor (Figure 2.7), which is unexpected. The most likely cause was 
that the 120 bp HR donors gave rise to a deficient CRISPR/Cas9 system. In fact, in contrast to 
the 100 bp HR donor, a poly-T sequence was found in the 120 bp HR donor, which might cause 
premature transcriptional termination of the crRNA. In addition, it was reported that sequence 
downstream of the promoter, recognized by type III RNA polymerase, affected the promoter 
strength [39]. Therefore, the sequence of 120 bp HR donor might also account for the decreased 
transcriptional strength of crRNA.  
 
The all-in-one HI-CRISPR system using a single ultra-high copy number plasmid greatly 
improved the gene disruption efficiency (Figure 2.5). Compared to non-homologous end joining, 
S. cerevisiae always prefers HR to repair a DSB [40]. The overall efficiency of CRISPR/Cas9 
mediated gene disruption in S. cerevisiae therefore depends on two aspects - the efficiency of 
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DSB introduction by CRISPR/Cas9 and the efficiency of the subsequent HR repair. The use of 
ultra-high copy number plasmid may have contributed to both processes. First, increasing the 
copy number of the plasmid is considered as an effective strategy for increasing enzyme 
expression in S. cerevisiae [41], which in our case, may have helped with Cas9 expression and 
led to higher cleavage efficiency. Second, under the all-in-one system, increasing the copy 
number of the plasmid also increases the availability of the HR disruption donor. Since we have 
already optimized the length of the donor based on CAN1 disruption efficiency using the two-
plasmid system (Figure 2.7), increasing donor availability may further improve HR efficiency.  
 
Different triple gene disruption efficiencies were observed using different CRIPSR arrays 
(Figure 2.11), indicating that the site-dependence of CRISPR/Cas9 is still a challenge for 
achieving higher efficiency of multiple simultaneous gene disruptions. Although this effect is 
partially alleviated through the use of the ultra-high copy number plasmid pCRCT (Figure 2.5), 
better rules for choosing efficient CRISPR targeting sites are still needed to obtain multiple gene 
disruption mutants more reliably. Alternatively, using multiple crRNAs to target each gene may 
address the site-dependence issue. However, our results suggest that the maximum number of 
functional crRNAs will be no more than four (Figure 2.13). Possible reasons are the incomplete 
transcription and/or instability of the long CRISPR RNA. Developing regulation elements to 
enhance the expression and/or improve the stability of CRISPR RNA may address this 
limitation.  
 
In addition to multiple simultaneous gene disruptions, there are other potential applications of 
this HI-CRISPR system. A comparable gene disruption efficiency was found between the 100 bp 
40 	
and 80 bp HR disruption donors (Figure 2.7). Taking advantage of the spared length, an HR 
disruption donor can be designed to make a modification instead of deletion of the target locus 
with the assistance of CRISPR/Cas9 (e.g., point mutations and tag insertions). Moreover, the 120 
bp of homology integrated spacer was the only difference between every single gene disruption 
cassette. Such length of oligos can be synthesized on the CustomArray (CustomArray Inc.) in a 
complex pool [25], and a library of gene modification cassettes can be constructed using this 
system. Given its flexibility and potential applications, this HI-CRISPR system can be a valuable 
tool to conduct genome-scale studies in S. cerevisiae.  
 
2.4 Materials and Methods 
2.4.1 Strains and Media 
The EGFP reporter strain was constructed elsewhere based on the S. cerevisiae strain HZ848 
(MATα ade2-1 ade3∆22 ura3∆0 his3-11,15 trp1-1 leu2-3,112 and can1-100)[29]. The S. 
cerevisiae strain BY4741 (MATa his3∆0 leu2∆0 met15∆0 ura3∆0) was used in this study for 
assessing CAN1, ADE2 and LYP1 gene disruption efficiency. The S. cerevisiae strain CEN.PK2-
1c (MATa ura3-52 trp1-289 leu2-3,112 his3Δ1 MAL2-8C SUC2) was used for disruption of 
ATF2, GCY1 and YPR1. YPAD media was used to grow yeast cells before transformation. After 
transformation, cells were grown in appropriate synthetic complete (SC) meida minus the 
auxotrophic compound complemented by the plasmids. SC-LHR (SC-leucine, histidine, and 
arginine) and SC-UR (SC-uracil and arginine) agar plates with 60 µg/ml L-canavanine (Sigma) 
were used to select for CAN1 disrupted cells. SC-LHK (SC-leucine, histidine, and lysine) and 
SC-UK (SC-uracil and lysine) agar plates with 250 µg/ml thialysine (S-2-aminoethyl-l-cysteine, 
Sigma) were used to select for LYP1 disrupted cells. SC-LH (SC-leucine and histidine) and SC-
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U (SC-uracil) agar plates minus adenine hemisulfate were used to screen for ADE2 disrupted 
cells.  
 
2.4.2 Cloning of DNA Constructs 
The RPR1p, RPR1t and SNR52p regulatory elements were PCR amplified from wild type 
BY4741 genomic DNA. SUP4t was directly synthesized into cloning primers. The CRISPR 
RNA elements DR and tracrRNA were amplified from plasmid pX260, which was a gift from 
Dr. Feng Zhang [18]. The human codon optimized Cas9 gene used in the EGFP reporter assay 
was also amplified from plasmid pX260. The Cas9 gene in pGal10p-Cas9 was originally from 
Streptococcus pyogenes SF370 and PCR amplified from plasmid pMJ806, which was a gift from 
Dr. Jennifer A. Doudna [42]. This gene was tagged with a FLAG tag and an SV40 nuclear 
localization signal on its N-terminus, and an SV40 nuclear localization signal on its C-terminus. 
The two point mutations in iCas9 sequence were accidentally introduced during construction of 
plasmid pCT. All the spacer sequences were ordered as gBlocks from the Integrated DNA 
Technologies (Coralville, IA) and assembled into pCR or pCRCT plasmids using Golden Gate 
Assembly method (Figure 2.4) [43]. The plasmid descriptions can be found in Table 2.1. 
 
For EGFP reporter assay, the hSpCas9 gene was a human codon optimized version used in 
human cell lines [18]. It was tagged with a 3×Flag tag and a nuclear localization signal on its N-
terminus and a nuclear localization signal on its C-terminus. This gene was PCR amplified from 
plasmid pX260, which was a kind gift from Dr. Feng Zhang. The hSpCas9 gene was put under a 
constitutive promoter ADH2p on a YEp plasmid backbone. The tracrRNA was then ligated into 
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the same YEp backbone. The crRNA array with spacer GFP0 was constructed on a pRS415 
backbone. The detailed plasmid descriptions were summarized in Table 2.1. 
 
For investigation of increased multiplexing, the targeting spacer was HR80CAN1.w. Each non-
targeting spacer includes a 100 bp random sequence from either ADE2 or LYP1 gene. The cells 
were plated 6 days after transformation and experiments were done in duplicate. 
 
2.4.3 Yeast Transformation 
Plasmid transformation of BY4741 and CEN.PK2-1c (1 µg of each plasmid per transformation) 
was carried out using LiAc/SS carrier DNA/PEG method [44]. After transformation, cells were 
recovered in 1 mL YPAD at 250 rpm, 30°C for 1 hour, then washed with water once and 
transferred to 2 mL appropriate SC media and cultivated at 250 rpm, 30 °C. Every 48 hours, 100 
µL of cell culture was transferred into 2 mL fresh SC media to ensure cell viability. The 
remaining cell culture was discarded. 
 
For EGFP reporter assay, HZ848_EGFP reporter strain was transformed with 1 µg of each 
plasmid using the standard LiAc/SS carrier DNA/PEG method [44]. After transformation, the 
cells were recovered in 1 mL YPAD media for 1 hour and transferred to 2ml SC-LWU (SC-
leucine, tryptophan and uracil) media for further growth. 
 
2.4.4 Target Site Selection and Donor Design 
A 12 bp seed sequence together with NGG PAM sequence (N12NGG) was searched on both 
strands of the target gene sequence and blasted against the S. cerevisiae S288c genome (NCBI 
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Taxonomy ID: 559292). The unique sequences were selected as target sites to minimize off-
target effects [18]. A 100 bp donor sequence was designed to have two 50 bp homology arms 
flanking the Cas9 cutting site and incorporate an 8 bp deletion including the PAM sequence, thus 
introducing a frame-shift mutation (Figure 2.1a,b). All the donor and guide sequences were 
examined not to contain more than 4 T residues in a row to prevent early termination of RNA 
transcription. 
 
2.4.5 Calculation of Gene Disruption Efficiency 
To determine the optimal HR donor length, S. cerevisiae BY4741 cells were transformed with 
pCT and pCR-CAN1.w with different HR donor lengths. A 200 µL of 104-fold diluted cell 
culture was plated onto selective and non-selective plates on appropriate days. Cells were 
allowed to grow for two days on plate and CAN1 single gene disruption efficiency was 
determined by calculating the ratio of yeast colonies formed on selective and non-selective 
plates. Experiments were done in duplicate.  
 
To compare the two-plasmid and one-plasmid CRISPR/Cas9 systems, cells were transformed 
with either the two-plasmid or the one-plasmid CRISPR/Cas9 system targeting different sites. A 
200 µL of 104-fold diluted cell culture was plated onto selective and non-selective plates on 
appropriate days. Cells were allowed to grow for two days and CAN1 single gene disruption 
efficiency was determined by calculating the ratio of yeast colonies formed on selective and non-
selective plates. The ADE2 single gene disruption efficiency was determined by calculating the 
percentage of pink colonies on SC plates minus adenine hemisulfate. Experiments were done in 
triplicate.  
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S. cerevisiae BY4741 cells were transformed with the one-plasmid CRISPR/Cas9 system 
targeting CAN1, ADE2 and LYP1 genes. A 200 µL of 104-fold diluted cell culture was plated 
onto SC-U plates on Day 4. After 2 days, a total of 20 (array 1) or 50 (array 2 and array 3) 
colonies were randomly selected and streaked onto selective plates. After another 2 days, growth 
and color of each colony were recorded. The triple gene disruption efficiency was determined by 
calculating the proportion of colonies with all three genes disrupted. Experiments were done in 
triplicate. 
 
For LYP1 disruption efficiency, BY4741 cells were transformed with two-plasmid 
CRISPR/Cas9 system targeting different sites. A 200 µL of 104-fold diluted cell culture was 
plated onto SC-LHK plates supplemented with 250 µg/ml thialysine (selective) and SC-LH 
plates (non-selective) on appropriate days. Cells were allowed to grow for two days and LYP1 
single gene disruption efficiency was determined by calculating the ratio of yeast colonies 
formed on selective and non-selective plates.  
 
2.4.6 Genotyping 
The 16 canavanine resistant S. cerevisiae BY4741 colonies (Figure 2.8) or 7 randomly picked S. 
cerevisiae CEN.PK2-1c colonies (Figure 2.12) were each inoculated into 2 mL YPAD media 
and cultured overnight at 250 rpm, 30 °C. One mL of overnight culture was spun down and 
genomic DNA extracted using Wizard® Genomic DNA Purification Kit (Promega, San Luis 
Obispo, CA). The target sites were PCR amplified and sequenced by Sanger sequencing (ACGT, 
Inc. Wheeling, IL).  
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2.4.7 Flow Cytometry 
10 µL of yeast culture were diluted in 300 µL 1×PBS buffer 48 hours after transformation to 
prepare flow cytometry samples. All the samples were run on a LSR II Flow Cytometer (BD 
Biosciences). For each sample, 20000 cells were screened for positive GFP signals. 
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Chapter 3. Genome-scale Engineering of Saccharomyces cerevisiae with Precision 
3.1 Introduction 
Saccharomyces cerevisiae is an intensively studied eukaryotic model organism in molecular and 
cellular biology [1], as well as a promising microbial cell factory for industrial production of 
value-added compounds [2, 3]. The ability to engineer the S. cerevisiae genome in a high 
throughput and precise manner should facilitate various applications in both fields. The 
Saccharomyces genome deletion project generated a collection of single gene deletion mutants 
and enabled a genome-wide interrogation of gene functions under various growth conditions [4-
10]. In this collection, 6012 annotated open reading frames in the S. cerevisiae genome were 
replaced by a KanMX selection cassette together with unique barcodes for downstream high 
throughput analysis of mutant abundances. However, the construction process was laborious and 
time-consuming. Therefore, the same methodology is not easily transferable to strains of a 
different genetic background. Moreover, the resolution of mutagenesis was limited at the level of 
an entire open reading frame, which prevented the interrogation of the functional roles of 
specific amino acid residues within an endogenously expressed protein. 
 
The CRISPR/Cas9 genome editing system has enabled a simplified way of engineering the S. 
cerevisiae genome, including gene disruptions [11-14], gene deletions [15-17], heterologous 
DNA integrations [15, 18-23], introducing point mutations [15, 24, 25], and chromosome 
splitting [26]. In various model organisms, genome-wide knock-out screening by CRISPR/Cas9 
induced, non-homologous end joining (NHEJ) mediated gene disruption enabled profiling of 
gene functions and elucidation of disease mechanisms [27-35]. Despite the potent utility of 
CRISPR/Cas9, genome-scale engineering of S. cerevisiae in a high throughput manner has been 
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challenging due to the low efficiency of NHEJ mediated gene disruption in S. cerevisiae cells 
[11, 14]. Homology-directed repair (HDR) with a mutation embedded homologous 
recombination (HR) template mediated highly efficient gene disruptions in S. cerevisiae [11, 14]. 
In HDR, the DNA double strand break (DSB) is repaired through recombination with a HR 
template. As a result, tailor-made mutations embedded in the HR template can be precisely 
introduced into the S. cerevisiae genome. CRISPR/Cas9 mediated DSB generation followed by 
homology directed repair holds great promise for genome-scale engineering of S. cerevisiae in a 
precise manner.  
 
Genome engineering through HDR requires a simultaneous introduction of the CRISPR guide 
sequence and the corresponding HR template into the same cell. As a result, the guide sequence 
and the template have to be physically linked, i.e. synthesized in a single oligonucleotide. To 
reduce the cost of synthesizing a genome-wide library, the synthesis has to be done in a pooled 
manner. In Chapter 2, I developed a homology-integrated CRISPR/Cas9 system [11] for 
multiplex gene disruptions in S. cerevisiae. In this system, a 100 bp HR template with a precise 8 
bp deletion was directly placed upstream of the 20 bp guide sequence in a CRISPR RNA 
(crRNA) expression cassette. It was shown that the fusion of the HR template did not impair 
genome editing efficiency. This design enables a coupled synthesis of the guide sequence and the 
associated HR template in a single oligonucleotide. Importantly, the length of the oligonucleotide 
is less than 200nt, which is the upper limit of current oligonucleotide pool synthesis 
technologies. In this chapter, I utilized the design of homology-integrated CRISPR/Cas9 to 
create a genome-wide library of gene disrupting CRISPR cassettes and generated S. cerevisiae 
mutant libraries for genetic screening and directed evolution of a laboratory yeast strain. I called  
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Table 3.1. Criteria for scoring each guide sequence. Hit_12mer is the number of target sites within the genome that 
share the same 12 bp seed sequence. 
 
Efficiency 
score 
Determinants Weight (W) Condition 
Multiplier 
(M) 
Number of G and 
C 1/3 
7-15 1 
<7 or >15 0 
Nucleotide 
composition of 
the last four 
nucleotides 
1/3  
0.25*(#G)+0.
2*(#A)+0.15*
(#C) 
Target site 
position 1/3 
Within the first 60% of entire ORF length 1 
Between 60% and 80% of entire ORF 
length 0.85 
Within the last 20% of entire ORF length 0 
Off-target 
score 1/(hit_12mer)
2 
Total score Σ(Wi*Mi)/(hit_12mer)2 
 
this method CRISPR/Cas9 and homology-directed repair assisted genome-scale engineering 
(CHAnGE). CHAnGE offers an easy and generally applicable alternative for the genome-scale 
engineering of yeast species. I further showed that the homology-integrated design enabled one-
step, high efficiency in vivo site directed mutagenesis for generating custom designed, in situ 
expressed mutant proteins. With this observation, I anticipate that CHAnGE can be used for 
single-nucleotide resolution genome engineering. 
 
3.2 Results 
3.2.1 Design of the CHAnGE Library 
Previously described criteria [11, 27, 36] maximizing the efficacy and specificity of CRISPR 
guide sequences (Table 3.1) were adopted for scoring all possible guide sequences targeting all 
annotated open reading frames in the S. cerevisiae genome. Artificial weights were assigned to 
each efficacy criterion so that higher scores will be given to guide sequences with 35% to 75% 
GC content, with high purine content in the last four nucleotides, and targeting earlier regions of 
the ORF. To ensure specificity and resolve between overlapping ORFs, the score of a guide  
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Table 3.2. Guide sequence distribution within the designed oligonucleotide library. 
 
 ORF targeting Control Total 
Guide # 1 2 3 4 5 6 100 24765 
ORF # 261 100 92 6003 2 1 NA 6459 
 
sequence decreases exponentially as the number of its off-target sites increases. An off-target site 
is defined as a site containing a matching 12 bp seed sequence [36] followed by a protospacer 
adjacent motif (PAM) for Cas9 recognition. For each ORF, all the targeting guide sequences 
were ranked according to their scores in descending order. For most of the ORFs, four top-
ranked guide sequences were selected to include in the CHAnGE library. For some of the ORFs, 
less than four guide sequences were selected due to the short ORF length or the repetitive nature 
of the sequence. I also included 100 randomly generated guide sequences that do not target any 
part of the S. cerevisiae genome, as non-editing controls in the library. In summary, I managed to 
design 24765 unique guide sequences targeting 6459 ORFs (~98% of all ORFs annotated in the 
Saccharomyces Genome Database as of Feb 27th, 2017) plus 100 non-targeting guide sequences 
(Table 3.2). For each ORF-targeting guide sequence, a corresponding 100 bp HR template with 
50 bp homology arms and a centered 8 bp deletion was placed upstream of the guide sequence. 
The 8 bp deletion simultaneously removes PAM and causes a frame shift mutation for gene 
disruption (Figure 3.1a). For each non-targeting guide sequence, a 100 bp HR template with a 
randomly generated sequence was placed upstream of the guide sequence. Adapters containing 
priming and BsaI sites for cloning of the CHAnGE library were added to the 5’ and 3’ ends of 
the oligonucleotide, yielding a total length of 170 bp. A sample oligonucleotide sequence was 
provided in Figure 3.2. 
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Figure 3.1 The CHAnGE workflow and validation. a) Design of the CHAnGE oligonucleotide cassette. A 8 bp 
deletion near the Cas9 cleavage site (denoted by the red triangle) removes the PAM sequence and part of the 
protospacer sequence, while introducing a frame shift mutation. A 100 bp HR template with 50 bp homology arms 
and the centered 8 bp deletion was placed 5’ of the guide sequence, constituting the CHAnGE cassette. The 
CHAnGE cassette was cloned into a Cas9 and tracrRNA expressing plasmid using Golden Gate assembly. After 
cleavage by Cas9, the target ORF was mutated by recombination with the HR template. b) The CHAnGE workflow. 
c) Sequencing analysis of the CHAnGE plasmid library. d) The CAN1 gene encodes an arginine permease that 
transports a toxic arginine analogue, canavanine. e) Validation of the CHAnGE workflow by genetic screening of 
CAN1 disruption mutants in the presence of canavanine. 
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TATCTACACGGGTCTCACCAAAACNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNGTTTTAGAGAGAGACCAGCGTAACTC 
 
Priming sites 
BsaI 
HR Template 
20 bp guide sequence 
 
Figure 3.2 Design of a sample oligonucleotide from 5’ to 3’. 
 
3.2.2 Generation and Characterization of the CHAnGE Plasmid Library 
Single stranded oligonucleotides containing the coupled guide sequence and HR template were 
synthesized in a high throughput manner. The pooled oligonucleotides were amplified and 
assembled into a previously described pCRCT plasmid [11] (Figure 3.1a,b), which contains 
Cas9 and tracrRNA expression cassettes. The Golden Gate assembly efficiency was estimated to 
be 100% by blue-white screening (data not shown). 91 assembled plasmids from individual E. 
coli transformants were sequenced. 34 (37.36%) of the sequenced plasmids contained correct 
guide sequence and HR template, while 57 (62.64%) of the plasmids contained mismatches, 
insertions, deletions, or a combination of them (Figure 3.1c). The correct rate yields a 0.58% 
synthesis error rate per base, which is on the lower side of current industrial standard (0.5-1%). 
 
3.2.3 The CHAnGE Workflow and Validation 
The CHAnGE plasmid library was transformed into a laboratory S. cerevisiae strain, BY4741. 
Gene disruption was achieved by recombination between the Cas9 cleaved gene and the 
designed HR template (Figure 3.1a). A pooled yeast single mutant library was generated six 
days after transformation as previously described [11] (Figure 3.1b). The unique guide sequence 
in the plasmid serves as a genetic barcode for differentiating each single mutant. The single 
mutant library was grown with or without a certain stress. The differential enrichment of each  
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Figure 3.3 A genome-wide screening in the presence of 0.5% (v/v) HAc. ave.n.r, average normalized reads. X-axis 
represents reads from untreated library, while Y-axis represents reads from HAc stressed library. Red dots represent 
BUL1 targeting guide sequences. Green dots represent non-editing control guide sequences. 
 
unique guide sequence, hence each single mutant, was analyzed by next generation sequencing 
(NGS) of the extracted plasmid pools (Figure 3.1b). To validate this workflow, I applied the 
yeast single mutant library for genetic screening of CAN1 mutants in the presence of the drug L-
(+)-(S)-canavanine (Figure 3.1d). It was known that CAN1 encodes an arginine permease, which 
allows the uptake of a toxic arginine analogue, canavanine [37] (Figure 3.1d). Disruption of the 
CAN1 gene will rescue the yeast cells in the presence of canavanine. I observed a significant 
enrichment of all the four guide sequences targeting the CAN1 gene in the stressed population, 
with a depletion of non-editing control guide sequences (Figure 3.1e). The CAN1 targeting guide 
sequences constituted ~78% of all NGS read counts from the stressed population. The above  
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Figure 3.4 Biomass accumulation of BUL1Δ1 mutants and the wild type strain in the presence of 0.5% HAc. 
BUL1Δ1 screened was the mutant recovered from the HAc stressed library. Y-axis represents optical density 
measured at 600 nm 48 hours after inoculation. SC, synthetic complete media. n = 3 biological replicates. Error bars 
represent standard error of the mean. ns, not significant. 
 
observation validated CHAnGE as an easy and rapid method for genome-wide genetic screening 
in S. cerevisiae. 
 
3.2.4 Genome-scale Engineering and Directed Evolution by CHAnGE 
I further validated CHAnGE by identifying acetic acid (HAc) or furfural tolerant yeast mutants. 
HAc and furfural are toxic compounds generated during the biomass pretreatment process [38]. 
The pretreatment degrades polysaccharides such as cellulose and hemicellulose into sugar 
monomers, which are the substrates of industrial fermentation by yeast. HAc and furfural both 
inhibit the growth of S. cerevisiae, limiting its utility in industrial fermentation. It is desired that 
growth inhibitor tolerant mutants can be engineered to improve the viability of S. cerevisiae in 
harsh industrial fermentation conditions. 
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Figure 3.5 A genome-wide screening in the presence of 5 mM furfural. ave.n.r, average normalized reads. X-axis 
represents reads from untreated library, while Y-axis represents reads from furfural stressed library. Red dots 
represent SIZ1 targeting guide sequences. Orange dots represent SAP30 targeting guide sequences. Blue dots 
represent UBC4 targeting guide sequences. Green dots represent non-editing control guide sequences. 
 
I screened the single mutant library in the presence of 0.5% (v/v) HAc and observed many 
enriched guide sequences as compared to non-editing controls (Figure 3.3). Among these 
guides, BUL1 targeting guides were the most enriched. From the HAc stressed library, I 
recovered a BUL1 disruption mutant, named as BUL1Δ1, which was targeted by the guide 
sequence BUL1_1. I independently constructed the BUL1Δ1 mutant using the HI-CRISPR 
method (cite HI-CRISPR) and measured biomass accumulation of both mutants and the wild 
type strain in the presence of HAc. Indeed, both the recovered and reconstructed BUL1Δ1 
mutan t s  exh ib i t ed  fas te r  b iomass  accumula t ion  than  the  wi ld  type  s t ra in  
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Figure 3.6 Biomass accumulation of furfural tolerant mutants and the wild type strain in the presence of 5 mM 
furfural. Y-axis represents optical density measured at 600 nm 24 hours after inoculation. SC, synthetic complete 
media. n = 3 biological replicates. Error bars represent standard error of the mean. ***, P < 0.001. ****, P < 0.0001. 
ns, not significant. 
 
(Figure 3.4). No significant difference was observed between the two BUL1Δ1 mutants, 
indicating that the obtained HAc tolerance was not due to adaptation. 
 
Screening under 5 mM furfural identified SIZ1 targeting guides as the highest enriched guide 
sequences (Figure 3.5). SIZ1 was previously identified as a furfural susceptible gene through a 
genome-wide RNAi screening in S. cerevisiae [39]. From the furfural stressed library, I 
recovered a SIZ1Δ1 mutant (with the same nomenclature method as BUL1Δ1). In addition to 
SIZ1 targeting guides, SAP30 and UBC4 targeting guides were also enriched (Figure 3.5). Due 
to the relatively low abundance of SAP30 and UBC4 disruption mutants in the stressed library, I 
constructed mutants SAP30Δ3 and UBC4Δ3 using the HI-CRISPR method. All three disruption  
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Figure 3.7 Biomass accumulation of furfural tolerant single and double mutants and the wild type strain in the 
presence of 5 mM furfural. Y-axis represents optical density measured at 600 nm 24 hours after inoculation. SC, 
synthetic complete media. n = 3 biological replicates. Error bars represent standard error of the mean. **, P < 0.01. 
***, P < 0.001. 
 
mutants exhibited faster biomass accumulation in the presence of furfural as compared to the 
wild type strain (Figure 3.6), although the improvement for UBC4Δ3 was not significant. 
 
Next, I asked whether combining the identified individual gene disruptions into a single strain 
will further improve the tolerance phenotype. Using furfural tolerance as an example, I 
constructed double mutants SIZ1Δ1 SAP30Δ3 and SIZ1Δ1 UBC4Δ3 using the recovered 
SIZ1Δ1 as a parental strain. Surprisingly, both double mutants showed decreased biomass 
accumulation when compared to SIZ1Δ1 (Figure 3.7), suggesting that simply combining  
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Figure 3.8 Directed evolution of S. cerevisiae strains. a) Workflow of iterative CHAnGE for directed evolution of S. 
cerevisiae strains. A enriched mutant (Green cells) was identified through next generation sequencing. The mutant 
was recovered by genotyping and the CHAnGE plasmid was removed by marker rescue for the next round of 
CHAnGE workflow. b) Enrichment of guide sequences during the first round and second round directed evolution 
of HAc tolerance. c) Biomass accumulation of wild type and mutant strains in the presence of HAc. d) Enrichment 
of guide sequences during the first round and second round directed evolution of furfural tolerance. e) Biomass 
accumulation of wild type and mutant strains in the presence of furfural. For c and e, n = 3 biological replicates. 
Error bars represent standard error of the mean. Significance levels were determined against the wild type strain. *, 
P < 0.05. ***, P < 0.001. ****, P < 0.0001. ns, not significant. 
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individual gene disruptions does not necessary translate to an improved tolerance phenotype. 
This observation argues that a genome-wide directed evolution approach for improved tolerance 
is still necessary. It is straightforward to evolve a strain for higher tolerance by iterating the 
CHAnGE workflow (Figure 3.8a). I selected BUL1Δ1 and SIZ1Δ1 as the parental strains for the 
second round evolution of HAc and furfural tolerance, respectively. The CRISPR plasmid was 
removed by marker rescue before the parental strain was transformed with the CHAnGE plasmid 
library. A double mutant library was generated and screened at an increased concentration of 
growth inhibitor.  
 
When screened under 0.6% (v/v) HAc, I identified SUR1 targeting guide sequences to be 
significantly enriched as compared to non-editing controls (Figure 3.8b). The BUL1 targeting 
guide sequences were not enriched in the second round of evolution (Figure 3.8b), which is 
expected since the BUL1 gene was already disrupted in the parental strain BUL1Δ1. Notably, 
SUR1 targeting guide sequences were not enriched during the first round of evolution (Figure 
3.8b), suggesting that BUL1 disruption is a prerequisite for improved HAc tolerance conferred 
by SUR1 disruption. I constructed mutants SUR1Δ1 and BUL1Δ1 SUR1Δ1, and compared 
biomass accumulation with the wild type and parental BUL1Δ1 strains under 0.6% HAc. As 
expected, the double mutant BUL1Δ1 SUR1Δ1 showed faster biomass accumulation than the 
parental strain BUL1Δ1, while the single mutant SUR1Δ1 showed little HAc tolerance (Figure 
3.8c). 
 
For furfural tolerance, I identified LCB3 targeting guide sequences to be significantly enriched in 
the second round of evolution under 10 mM furfural (Figure 3.8d). The increased furfural  
63 	
 
Figure 3.9 in vivo site directed mutagenesis. a) Design of a CHAnGE cassette for in vivo site directed mutagenesis. 
HA, homology arm. b) A representative figure showing the designed mutations in the Can1 E184A # 1 CHAnGE 
cassette. The coding strand from the genomic sequence was shown. The E184A # 1 guide sequence was derived 
from the non-coding strand. The amino acid sequence was denoted under the DNA sequence. The designed 
mutations in the HR template and the amino acid substitution were colored in red. A sanger sequencing trace file of 
a representative mutated colony was shown at the bottom. c) A summary of efficiencies of in vivo site directed 
mutagenesis of three endogenous genes. For each mutagenesis, 4 or 5 randomly picked colonies were examined. d) 
Growth assay of CAN1 mutants in the presence of canavanine. SC, synthetic complete media. SC-R, synthetic 
complete media minus arginine. CAN1Δ::URA3, BY4741 strain with the CAN1 ORF replaced by a URA3 selection 
marker. e) Enrichment of UBC4 targeting guide sequences in the presence of HAc or furfural. f) Crystal structure of 
Ubc4 showing the C86 resudue. PDB code 1QCQ. g) Spotting assay of UBC4 mutants in the presence of HAc or 
furfural. h) Spotting assay of SIZ1 mutants in the presence of furfural. 
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tolerance was again confirmed by measuring biomass accumulation of wild type, single, and 
double mutants under 10 mM furfural (Figure 3.8e). As observed with HAc tolerance, the effect 
of LCB3 disruption also depended on the parental SIZ1 disruption, as neither the LCB3 targeting 
guide sequences were enriched in the first round of evolution, nor the single LCB3 disruption 
mutant LCB3Δ1 showed faster biomass accumulation than the wild type strain (Figure 3.8d,e). 
 
3.2.5 in vivo Site-Directed Mutagenesis 
The frame shift mutation introduced into the ORF by CHAnGE disrupted the entire protein 
structure. This ORF-level mutagenesis prevented functional investigation of specific amino acid 
(aa) residues in the identified protein, while maintaining the other aa residues unchanged. Having 
demonstrated genome-scale engineering and directed evolution of S. cerevisiae by CHAnGE, I 
next asked whether I can introduce precise amino acid mutations, i.e. in vivo site directed 
mutagenesis, for studying the growth inhibitor susceptible genes. To demonstrate this, I sought to 
introduce precise amino acid mutations into three ORFs identified in the screening experiments. 
 
As proof of concept, I first designed three CHAnGE cassettes (Figure 3.9a) for mutating the 
E184 residue of Can1 to an alanine residue. Instead of a 8 bp deletion, I put designed mutations 
for amino acid substitution between the two homology arms (Figure 3.9a). The designed 
mutations change the glutamine codon (GAA) to an alanine codon (GCT) and simultaneously 
mutate the protospacer sequence or the PAM sequence to prevent Cas9 cleavage of the mutated 
gene (Figure 3.9b and Figure 3.10). E184 is a critical residue for transporting arginine into S. 
cerevisiae [40]. I hypothesize that it is also critical for transporting the arginine analog 
canavanine. As a result, mutating E184 should abolish the ability of Can1 to transport 
canavanine, rescuing the cell in the presence of canavanine. Two of the three designed CHAnGE  
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Figure 3.10 a) Design of E184A # 2 mutations and the sequence of a representative mutated colony. b) Design of 
E184A # 3 mutations and the sequence of a representative non-mutated colony. 
 
cassettes (E184A # 1 and 2, Figure 3.9b and Figure 3.10a) successfully mutated E184 to 
alanine, with a 100% efficiency for both designs (Figure 3.9c). However, E184A # 3 (Figure 
3.10b) did not mutate any of the five colonies examined (Figure 3.9c). The E184A mutants were 
able to grow in the presence of canavanine (Figure 3.9d), suggesting that our hypothesis is true. 
 
I next selected protein Ubc4. UBC4 targeting guide sequences were enriched in both HAc and 
furfural screening experiments (Figure 3.9e). Ubc4 is a class 1 ubiquitin conjugating enzyme. 
Amino acid C86 acts as the ubiquitin accepting residue in the enzymatic catalysis of ubiquitin 
conjugation (Figure 3.9f) [41]. I designed five CHAnGE cassettes to mutate C86 to an alanine 
residue (Figure 3.11). Since there is a BsaI restriction site 23 bp downstream of the C86 codon, I 
also designed a silent mutation to remove the BsaI site to enable Golden Gate assembly (Figure  
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Figure 3.11 a) Design of C86A # 1 mutations and the sequence of a representative mutated colony. b) Design of 
C86A # 2 mutations and the sequence of a representative mutated colony. c) Design of C86A # 3 mutations and the 
sequence of a representative mutated colony. d) Design of C86A # 4 mutations and the sequence of a representative 
mutated colony. e) Design of C86A # 5 mutations and the sequence of a representative mutated colony. 
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3.11). All five cassettes mutated C86 to alanine with efficiencies ranging from 50% to 100% 
(Figure 3.9c). Interestingly, mutation of the BsaI site was only observed once with CHAnGE 
cassette C86A # 5 (Figure 3.11e). Spotting assay showed that the C86A mutants were both HAc 
and furfural tolerant (Figure 3.9g), suggesting that the abolishment of Ubc4 mediated ubiquitin 
conjugation of substrate proteins plays a role in both HAc and furfural tolerance. 
 
To further test whether deletion, insertion, and multiplex aa substitution are possible, I designed 
seven CHAnGE cassettes to mutate different aa residues in the furfural susceptible protein Siz1 
(Figure 3.8d,e). Yeast Siz1 is a SUMO E3 ligase that specifically conjugates SUMO to the K164 
residue of proliferating cell nuclear antigen (PCNA) [42, 43]. The available crystal structure of 
Siz1 (PDB code 3I2D) revealed an N-terminal PINIT domain, a central SP-RING domain, and a 
C-terminal SP-CTD domain. The PINIT domain forms an interface between Siz1 and PCNA and 
is required for PCNA K164 sumoylation. The SP-RING domain binds an E2 enzyme Ubc9, 
activating E2-SUMO for SUMO transfer. The SP-CTD domain supports binding of SUMO in its 
activated conformation. Siz1 mutations involved in PINIT/PCNA interaction (F268A, FKSΔ, 
F250A/F299A), SP-RING/Ubc9 interaction (I363A, S391D), and SP-CTD/SUMO interaction 
(D345A) were shown to diminish SUMO conjugation to PCNA K164. CHAnGE cassettes 
F268A, D345A, I363A, and S391D were designed to introduce single aa substitution (Figure 
3.12). CHAnGE cassette F250A F299A was designed to simultaneously introduce two aa 
substitutions. The F299 codon is 147 bp downstream of the F250 codon. To enable a 
simultaneous mutation, I constructed a bicistronic crRNA cassette (Figure 3.13). CHAnGE 
cassette FKSΔ was designed to delete amono acids F268, K269, and S270 (Figure 3.14). 
CHAnGE cassette AAA was designed to insert three alanine residues before F268 to spatially  
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Figure 3.12 a) Design of F268A mutations and the sequence of a representative mutated colony. b) Design of 
D345A mutations and the sequence of a representative mutated colony. c) Design of I363A mutations and the 
sequence of a representative non-mutated colony. d) Design of S391D mutations and the sequence of a 
representative mutated colony. 
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Figure 3.13 a) A bicistronic crRNA expression cassette for simultaneous introduction of two aa substitutions. b) 
Design of F250A F299A mutations and the sequence of a representative mutated colony. 
 
relocate the FKS loop (Figure 3.15). Except for I363A, I observed all other designed Siz1 
mutations with efficiencies from 80% to 100% (Figure 3.9c). I compared the growth rates of 
these mutants with the wild type strain and the SIZ1Δ1 disruption strain (Figure 3.9h). F268A, 
D345A, S391D, FKSΔ, and AAA all showed improved tolerance to furfural than the wild type 
strain, suggesting that diminishing of PCNA sumoylation may play a role in furfural tolerance. I 
did not observe an increased growth rate for mutant strain F250A F299A. The SIZ1Δ1 disruption 
mutant showed a higher furfural tolerance than all the other mutants, which may be due to the 
combinatorial effect of all the designed mutations. 
 
3.3 Discussion 
In this chapter, I developed a CHAnGE workflow for genome-scale engineering and directed 
evolution of S. cerevisiae. Compared with the yeast deletion collection based screening [6], 
CHAnGE offered a more flexible alternative for constructing a genome-wide set of mutants  
70 	
 
 
Figure 3.14 Design of FKSΔ mutations and the sequence of a representative mutated colony.  
 
under different genetic backgrounds. CHAnGE also enabled a more straightforward way of 
generating double mutant libraries as compared to the synthetic genetic array (SGA) method [9]. 
Specifically, no mating of yeast strains is required, thus genes involved in the mating process can 
be mutated. No selection of double mutants is required due to the high efficiency of CHAnGE. 
These two characteristics markedly reduced the time and labor. It is also straightforward to 
construct multiple mutant libraries to further evolve the double mutant strain, by beginning with 
a multiple mutant parent. Since CHAnGE does not depend on meiotic recombination for 
generating a multiple mutant, the frequency of forming multiple mutants from physically close 
gene disruptions is not affected. CHAnGE also does not require multiple selection markers, 
which is limited in number, for selection of the multiple mutant. 
 
I further demonstrated one-step, high efficiency in vivo site directed mutagenesis for evaluating 
contributions of specific amino acids to specific phenotypes. The overall efficiency was high as 
13 out of 15 designed CHAnGE cassette induced desired mutagenesis with efficiencies ranging 
from 50% to 100%, with most of them close to 100%. It is noted that the low efficiency  
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Figure 3.15 Design of FKSΔ mutations and the sequence of a representative mutated colony.  
 
associated with a certain CHAnGE cassette can be compensated by designing multiple cassettes 
targeting the same amino acid residue. The state of the art method for studying mutant S. 
cerevisiae protein function in vivo is to episomally express an in vitro constructed mutant allele 
in a deletion mutant strain. While this approach introduced the specific mutations, it fails to 
capture the native context of the endogenous chromosomal locus, which may have a role in 
target gene regulation. This shortcoming limits the unbiased interrogation of introduced 
mutations. The high efficiency of CHAnGE mediated in vivo site directed mutagenesis should 
enable researchers to directly study mutant protein functions in its endogenous environment. 
High efficiency in vivo site directed mutagenesis by CHAnGE should also enable a full spectrum 
analysis of all possible point mutations of a gene, or even a pathway, that is endogenously 
expressed. Similar work has been done with Escherichia coli for genome-scale engineering at 
single nucleotide resolution [44]. It is possible that CHAnGE can be used for saturation editing 
the yeast genome for investigating not only ORFs, but also regulatory elements. 
 
3.4 Materials and Methods 
3.4.1 CHAnGE Library Design and Synthesis 
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Table 3.3 Primer sequences used in this chapter. 
Primers Sequences (5’ to 3’) 
BsaI-LIB-for TATCTACACGGGTCTCACC 
BsaI-LIB-rev GAGTTACGCTGGTCTCTCT 
HiSeq-CHAnGE-for GTCTCGTGGGCTCGGAGTGAAAGATAAATGATCGG 
HiSeq-CHAnGE-rev TCGTCGGCAGCGTCATTTTGAAGCTATGCAGAC 
 
6459 ORF sequences from the S. cerevisiae S288c strain were passed through CRISPRdirect 
[45] to generate all possible guide sequences. Guide sequences with hit_20mer>0 were kept to 
exclude those targeting exon-intron junctions. A guide-specific 100 bp HR donor was assembled 
to the 5’ of each guide sequence. All assembled sequences were passed through four additional 
filters: no BsaI restriction site (to facilitate Golden Gate assembly), no homopolymer of more 
than four T’s (to prevent early transcription termination), no homopolymer of more than five A’s 
or more than five G’s (to maximize oligonucleotide synthesis efficiency). Each guide sequence 
was then assigned an arbitrary score for assessing both genome editing efficiency and off-target 
effect (Table 3.1). For each ORF, the top four guide sequences with the highest scores were 
selected for synthesis. For ORFs with less than four unique guide sequences available, less than 
four guide sequences were selected. The final library contains 24765 unique guide sequences 
(Table 3.2). For unknown reasons, there are five guide sequences for ORFs YOR343W-A and 
YBR089C-A, and six guide sequences for ORF YMR045C. An additional 100 non-targeting 
guide sequences with random homology arms were randomly generated and added to the library 
as non-editing control guide sequences. Adapters containing priming sites and BsaI sites were 
added to the 5’ and 3’ ends of each oligonucleotide for PCR amplification and Golden Gate 
assembly. The designed oligonucleotide library was synthesized on two 12472 format chips and 
eluted into two separate pools (CustomArray, Bothell, WA). 
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3.4.2 Construction of the CHAnGE Plasmid Library 
The two oligonucleotide pools were mixed at equal molar ratio. 10 ng mixed oligonucleotide 
pool was used as template for PCR amplification with primers BsaI-LIB-for and BsaI-LIB-rev 
(Table 3.3). The cycling conditions are 98 °C for 5 min, (98 °C for 45 s, 41 °C for 30 s, 72 °C for 
6 s) × 24 cycles, 72 °C for 10 min, then held at 4 °C. 15 ng gel purified PCR products were 
assembled with 50 ng pCRCT plasmid using Golden Gate Assembly method followed by 
plasmid-safe nuclease treatment [11]. 25 parallel Golden Gate assembly were performed and 
resultant DNA purified using a PCR purification kit (Qiagen, Valencia, CA). 0.5 µL purified 
DNA was transformed into 25 µL NEB5α electrocompetent cells (New England Biolabs, 
Ipswich, MA) using Gene Pulser XcellTM Electroporation System (Bio-Rad, Hercules, CA) with 
parameters 1.7 kV, 200 Ω, and 25 µF. The time constants were between 4.8 ms and 5.0 ms. After 
electroporation, cells were incubated in 1 mL SOC media for 1 hour. 20 parallel transformations 
were conducted and pooled. The pooled culture was plated onto 4 24.5 cm × 24.5 cm LB plates 
supplemented with 100 µg/mL carbenicillin (Corning, New York, NY). The plates were 
incubated at 37 °C for two days. Plasmids were extracted using a Qiagen Plasmid Maxi Kit. 
 
3.4.3 Generation of Yeast Mutant Libraries 
Yeast strain BY4741 was transformed with 20 µg CHAnGE plasmid library per transformation 
using LiAc/SS carrier DNA/PEG method [46]. After heat shock, cells were washed with 1 mL 
double distilled water once and resuspended in 2 mL synthetic complete minus uracil (SC-U) 
liquid media. 12 parallel transformations were conducted. 2 µL culture from each of three 
randomly selected transformations were mixed with 98 µL sterile water and plated onto SC-U 
plates for assessing transformation efficiency. The rest of the cells were cultured in twelve 15 
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mL falcon tubes at 30 °C, 250 rpm. Two days after transformation, 2 units of optical density at 
600 nm (OD) of cells from each tube were transferred to a new tube containing 2 mL fresh SC-U 
liquid media. Four days after transformation, cultures from 12 tubes were pooled. 2 OD of 
pooled cells were transferred to each of 12 new tubes containing 2 mL fresh SC-U media. Six 
days after transformation, cultures from 12 tubes were pooled and stored as glycerol stocks in a -
80 °C freezer. 
 
For S. cerevisiae mutants recovered from stressed libraries or constructed by the HI-CRISPR 
method, pCRCT plasmid was first removed from the cell using a published protocol [47]. 
Briefly, a yeast colony with the desired gene disrupted was inoculated into 5 mL of YPAD liquid 
medium and cultured at 30 °C, 250 rpm overnight. The next morning, 200 µL of the culture was 
inoculated into 5 mL of fresh YPAD medium. In the evening, 50 µL of the culture was 
inoculated into 5 mL of fresh YPAD medium and cultured overnight. The next day, 100-200 
cells were plated onto a YPAD plate and incubated at 30 °C until colonies appear. For each 
mutant, 20 colonies were streaked onto both YPAD and SC-U plates. Colonies that failed to 
grow on SC-U plates were selected as the parent strain for transformation with the CHAnGE 
plasmid library. 
 
3.4.4 Screening of Yeast Mutant Libraries 
A glycerol stock of pooled yeast mutants was defrozen on ice. 3.125 OD of cells were inoculated 
into 50 mL of SC-U liquid media with or without growth inhibitor in a 250 mL baffled flask. 
Cells were grown at 30 °C, 250 rpm and the optical density was measured periodically. 2 OD of 
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cells from each of the untreated and stressed population were collected when the optical density 
of the stressed population reached 2. 
 
For HAc tolerance, the pH of SC-U liquid media was adjusted to 4.5. Glacial acetyl acid was 
dissolved in double distilled water, adjusted to pH 4.5, and then filtered to make 10% (v/v) HAc 
stock solution. Appropriate volumes of HAc stock solution were added to SC-U pH 4.5 media to 
make 0.5% and 0.6% HAc supplemented SC-U media. The unstressed cells were grown in SC-U 
pH 5.6 media. 
 
For furfural tolerance, 20.7 µL and 41.4 µL of furfural (at room temperature, Sigma Aldrich, 
Saint Louis, MO) was added to 50 mL SC-U liquid media to make 5 mM and 10 mM furfural 
supplemented SC-U media, respectively. 
 
For canavanine resistance, 30 µL 100 mg/mL L-(+)-(S)-canavanine stock was added to 50 mL 
SC-UR liquid media to make 60 µg/mL canavanine supplemented SC-UR media. 
 
3.4.5 Next Generation Sequencing 
For each untreated or stressed library, 2 OD of cells were collected and plasmids were extracted 
using ZymoprepTM Yeast Plasmid Miniprep II kit (Zymo Research, Irvine, CA). To attach NGS 
adaptors, a first step PCR was performed using 2×KAPA HiFi HotStart Ready Mix (Kapa 
Biosystems, Wilmington, MA) with primers HiSeq-CHAnGE-for and HiSeq-CHAnGE-rev 
(Table 3.3) and 10 ng extracted plasmid as template. The cycling condition is 95 °C for 3 min, 
(95 °C for 30 s, 46 °C for 30 s, 72 °C for 30 s) × 18 cycles, 72 °C for 5 min, and held at 4 °C. The 
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PCR product was gel purified using a Qiagen Gel Purification kit. 10 ng PCR product from the 
first step was used in a second step PCR to attach Nextera indexes using the Nextera Index kit 
(Illumina, San Diego, CA). The cycling condition is 95 °C for 3 min, (95 °C for 30 s, 55 °C for 30 
s, 72 °C for 30 s) × 8 cycles, 72 °C for 5 min, and held at 4 °C. The second step PCR products 
were gel purified using a Qiagen Gel Purification kit and quantitated with Qubit (ThermoFisher 
Scientific, Waltham, MA). 40 ng of each library were pooled. The pool was quantitated with 
Qubit. The average size was determined on a Fragment Analyzer (Advanced Analytical, Ankeny, 
IA) and further quantitated by qPCR on a CFX Connect Real-Time qPCR system (Bio-rad, 
Hercules, CA). The pool was spiked with 30% of a PhiX library (Illumina, San Diego, CA), and 
sequenced on one lane for 161 cycles from one end of the fragments on a HiSeq 2500 using a 
HiSeq SBS sequencing kit version 4 (Illumina, San Diego, CA).  
 
3.4.6 NGS Data Processing and Analysis 
Fastq files were generated and demultiplexed with the bcl2fastq v2.17.1.14 conversion software 
(Illumina, San Diego, CA). 20 bp guide sequences were extracted from NGS reads using 
fastx_toolkit/0.0.13 (http://hannonlab.cshl.edu/fastx_toolkit/). A bowtie index was prepared from 
the 24865 designed guide sequences. Extracted guide sequences were mapped to the bowtie 
index using Map with Bowtie for Illumina (version 1.1.2) command in Galaxy 
(https://usegalaxy.org) with commonly used settings. Unmapped reads were removed and reads 
mapped to each unique guide sequence were counted. The raw read counts per guide sequence 
were normalized to the total read counts of a library using the following equation Normalized 
read counts= (Raw read counts × 1000000)/Total read counts + 1. A threshold of two raw read 
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counts in at least two of the four libraries (two biological replicates of untreated library and two 
biological replicates of stressed library) was used to keep a guide sequence. 
 
3.4.7 Construction of Single and Double Yeast Mutants 
A dilution of 5 mM furfural stressed library (OD = 2) was plated onto a 5 mM furfural 
supplemented SC-U plate. 24 random colonies were picked and genotyped by PCR and sanger 
sequencing. One colony was confirmed to have a designed 8 bp deletion at SIZ1 target site 1. 
This colony was stored as a strain named SIZ1Δ1. BY4741 strains SAP30Δ3 and UBC4Δ3 were 
constructed using the HI-CRISPR method [11]. For constructing double mutants SIZ1Δ1 
SAP30Δ3, SIZ1Δ1 UBC4Δ3, and SIZ1Δ1 LCB3Δ1, SIZ1Δ1 was used as the parental strain. 
 
A dilution of 0.5% HAc stressed library (OD = 2) was plated onto a 0.5% HAc supplemented 
SC-U plate. 32 random colonies were picked and genotyped by PCR and sanger sequencing. 
Three colonies were confirmed to have a designed 8 bp deletion at BUL1 target site 1. A 
BUL1Δ1 strain without HAc exposure was constructed using the HI-CRISPR method. For 
constructing double mutants BUL1Δ1 SUR1Δ1, BUL1Δ1 with HAc exposure was used as the 
parental strain. 
 
pCRCT plasmids were removed from all mutant strains as previously described. 
 
3.4.8 Characterization of Mutant Strains for Furfural or HAc Tolerance 
BY4741 wild type or mutant strains were inoculated from glycerol stocks into 2 mL YPAD 
medium and cultured at 30 °C, 250 rpm overnight, then streaked onto fresh YPAD plates. Three 
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biological replicates of each strain were inoculated in 3 mL synthetic complete (SC) medium and 
cultured at 30 °C, 250 rpm overnight. The next morning, 50 µL culture was inoculated into 3 mL 
fresh SC medium and cultured at 30 °C, 250 rpm overnight to synchronize the growth phase. 
After 24 hours, 0.03 OD of cells were inoculated into 3 mL fresh SC medium supplemented with 
appropriate concentrations of furfural or 3 mL fresh SC pH 4.5 medium supplemented with 
appropriate concentrations of HAc. Cell densities were measured at appropriate time points. 
 
For spotting assays, each strain was inoculated in 3 mL SC medium and cultured at 30 °C, 250 
rpm overnight. The next morning, 50 µL culture was inoculated into 3 mL fresh SC medium and 
cultured at 30 °C, 250 rpm overnight to synchronize the growth phase. After 24 hours, the OD 
was measured and the culture was diluted to OD 1 in sterile water. 10-fold serial dilutions were 
performed for each strain. 7.5 µL of each dilution was spotted on appropriate plates. The spotted 
plates were incubated at 30 °C for 2 to 6 days. 
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Chapter 4. Multiplex Gene Regulation in Human Cells Using Chemically Induced 
CRISPR/Cas9 Activators 
4.1 Introduction 
Transcription factors play a fundamental role in regulating cellular behavior and determining cell 
fate. In mammalian cells, certain combinations of naturally existing transcription factors induce 
trans-differentiation and reprogramming, generating cells with therapeutic potential [1]. 
Synthetic transcription factors (sTFs) are artificial proteins that consist of a DNA binding 
domain and a trans-regulating effector domain. sTFs are a valuable synthetic biology tool and 
have been used in a variety of applications, including compensating for gene dysfunction [2], 
controlling stem cell differentiation [3], stimulating tissue regeneration [4], performing gain-of-
function screens [5], and creating synthetic gene circuits [6]. Recently, the RNA-guided 
nuclease-deficient Cas9 (dCas9) protein from the type II CRISPR/Cas system has become a 
popular choice of DNA binding domain due to its ease-of-use and cost-effectiveness. Simply by 
changing the targeting sequence of the synthetic guide RNA (gRNA), the DNA binding 
specificity of dCas9 can be customized [7, 8]. Various synthetic transactivation domains have 
also been engineered to create constitutive dCas9 activators that activate endogenous human 
gene expression [9]. 
 
Despite their high efficiency in activating silent genes, constitutive dCas9 activators do not allow 
temporal control over their function. This layer of control is necessary in resetting, fine-tuning 
and orchestrating complex cellular processes that occur in a time-dependent manner. Researchers 
have used inducible-promoter-driven Cas9 for gene-editing applications [10]. where the 
transcription of Cas9 mRNA only starts in the presence of a small molecule doxycycline. In 
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theory, this approach can be extended to achieve inducible gene regulation. However, the 
inducible promoter suffered from leaky expression in the absence of doxycycline, which may 
lead to undesired gene activation. A conditionally stabilized dCas9 activator [11] and a split-
dCas9 based activator [12] have also been engineered to respond to chemical ligands. However, 
in both cases undesired gene activation was detected in the absence of ligands, which may be due 
to the incomplete degradation of dCas9 activator or incomplete dissociation of split-dCas9 in the 
absence of ligands. On the other hand, coordinated regulation of multiple genes is still 
challenging due to the lack of robust designs for orthogonal control of sTFs. Since various 
chemically induced dimerization (CID) systems [13, 14] and type II CRISPR/Cas systems [15] 
have been characterized, it should be possible to develop orthogonal chemically induced 
transcription factors for regulating multiple genes.  
 
In this chapter, I will describe the development of inducible CRISPR/Cas9 activators with 
minimal background gene expression by expressing dCas9 and the transactivation domain on 
two separate peptides, which only dimerize in the presence of a chemical ligand. In addition, by 
combining orthogonal CID systems and orthogonal RNA-guided dCas9 proteins, I created 
inducible and orthogonal CRISPR/Cas9 activators and applied them to temporally regulate 
multiple endogenous human genes.  
 
4.2 Results 
4.2.1 Ligand-inducible Activation of Endogenous Human Genes 
To create tightly controlled CRISPR/Cas9 activators, each ligand binding domain (LBD) in a 
chemically induced dimerizing protein pair is fused separately with either dCas9 or the 
86 	
 
 
 
Figure 4.1 Activation of endogenous human genes by orthogonal, chemically induced CRISPR/Cas9 activators. a) 
Ligand-dependent activation of ASCL1 using dCas9SP activators. Up to 4 copies of GAI were fused to the C-
terminus of dCas9SP and 1 copy of GID1 was fused to the N-terminus of VPR. Upon GA3 (cellular form of GA3-
AM) addition, GID1 dimerizes with GAI and VPR activated ASCL1 expression. b) Ligand-dependent activation of 
TTN using dCas9NM activators. 2 or 3 copies of FKBP were fused to the C-terminus of dCas9NM and 1 copy of FRB 
was fused to the N-terminus of VPR. Upon rapalog addition, FRB dimerizes with FKBP and VPR activated TTN 
expression. n = 3 biological replicates. Error bars represent standard error of the mean. Significance levels were 
determined versus uninduced samples. **, P < 0.01. ***, P < 0.001. ****, P < 0.0001. 
 
transactivation domain. In the absence of the chemical ligand, the transactivation domain is not 
recruited to the target gene, thus undesired gene activation should not be observed. In the 
presence of the ligand, two LBDs dimerize and the transactivation domain is recruited to the 
dCas9-bound target gene and activates its expression (Figure 4.1). When the chemical ligand is 
removed from the system, the transactivation domain dissociates from dCas9 and stops 
activating the target gene. Two inducible CRISPR/Cas9 activators can function independently on 
two target genes due to the orthogonality between the two systems. 
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Figure 4.2 Comparison of VP64 and VPR in activating an eGFP reporter gene. a) eGFP reporters with four different 
targeting sites. b) Fold eGFP activation by dCas9SP-VP64 and dCas9SP-VPR. eGFP expression level of reporter only 
control was normalized to 1. c) Fold eGFP activation by dCas9NM-VP64 and dCas9NM-VPR. eGFP expression level 
of reporter only control was normalized to 1. Experiments were performed with two biological replicates. Error bars 
represent standard error of the mean. *, P < 0.05. 
 
As proof-of-concept, I selected two commonly used Cas9 orthologs from Streptococcus 
pyogenes (referred to as Cas9SP) and Neisseria meningitidis (referred to as Cas9NM) to realize 
orthogonal regulation of two genes. Nuclease-deficient forms of Cas9SP (with amino acid 
substitutions D10A and H840A) and Cas9NM (with amino acid substitutions D16A, D587A, 
H588A, and N611A) have been characterized and shown to activate gene expressions in human 
cells when fused with a viral transactivation domain VP64 [7, 8, 15]. I first explored whether  
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Figure 4.3 Orthogonality of dCas9SP-VPR and dCas9NM-VPR. Upper panel shows the reporter gene with dCas9 
binding sites. Lower panel shows eGFP activation with different dCas9-VPR/gRNA combinations. n = 2 biological 
replicates. All error bars represent standard error of the mean. All significance levels were determined versus 
reporter only control. **, P < 0.01. ***, P < 0.001. 
 
enhanced activation can be achieved when VP64 was replaced with a recently reported synthetic 
transactivation domain VPR [16], which is a fusion of three transactivation domains including 
VP64. Activation efficiencies of enhanced GFP (eGFP) reporters with four different target 
sequences were compared (Figure 4.2). dCas9SP-VPR outperformed dCas9SP-VP64 on all four 
targets with the same protospacer adjacent motif (PAM) sequence AGG (Figure 4.2b). For 
dCas9NM, I tested four different PAMs that have been previously reported to be functional [17, 
18]. dCas9NM-VPR outperformed dCas9NM-VP64 on targets with PAM sequence AGGTGATT 
or AGGTGCTT (Figure 4.2c). However, both dCas9NM activators failed to activate eGFP 
expression when PAM sequence AGGTGGTT or AGGTGTTA was used. Overall, VPR was  
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Table 4.1 All gRNA sequences used in this study. SP means gRNA for dCas9SP. NM means gRNA for dCas9NM. 
The number at the end of gRNA targeting an endogenous gene means the distance in bp between the transcription 
start site and the base 5’ to the PAM sequence. All gRNA targeting sequences were selected by searching for PAM 
sequences within 500 bp upstream of the transcription start site, except for IL1RN gRNAs, which were reported 
previously. SP-CCR5 was used to target pGL3-Basic-9×Seq2-hCMVmp-eGFP. NA, not applicable. 
gRNA Guide sequence (5’->3’) PAM (5’->3’) Strand 
SP-ASCL1-39 tgggtgtcccattgaaaagg cgg + 
SP-ASCL1-83 gcggggagtggggggcgagg cgg + 
SP-ASCL1-130 ggtaagaggaggggggggag tgg + 
SP-ASCL1-179 ggggagaggagaggaggagg ggg + 
SP-IL1RN-29 ttgtactctctgaggtgctc tgg + 
SP-IL1RN-113 gcatcaagtcagccatcagc cgg + 
SP-IL1RN-145 tgagtcaccctcctggaaac tgg + 
SP-IL1RN-180 tacgcagataagaaccagtt tgg + 
NM-TTN-68 cccacatccttaggcagggccct gggtgatt - 
NM-TTN-138 gtagtgtcacataccacctgttc ttctgatt - 
NM-TTN-264 tcacacctctttaaacctgcatt ttcggatt + 
NM-TTN-411 gagataaatttcctcatctgctg tcatgatt + 
SP-TTN-68 acatccttaggcagggccct ggg - 
NM-RHOXF2-24 gcctgctgaggtgcgcatgcgtc aggggctt - 
NM-RHOXF2-148 tgggagggggagtaggatggggt gcgtgctt - 
NM-RHOXF2-247 gcaagcccattttatggcgataa gggagatt - 
NM-RHOXF2-302 gtctccaggagcaggagcttggg cctggatt - 
SP-RHOXF2-144 gtgggagggggagtaggatg ggg - 
SP-RHOXF2-304 caggagcaggagcttgggcc tgg - 
SP-CCR5 aaaggtcgagaaactgcaaa agg NA 
SP-AGGTGATT aaaggtgattaaactgcaaa agg NA 
SP-AGGTGGTT aaaggtggttaaactgcaaa agg NA 
SP-AGGTGTTA aaaggtgttaaaactgcaaa agg NA 
SP-AGGTGCTT aaaggtgcttaaactgcaaa agg NA 
NM-AGGTGATT gcaaaaggtgattaaactgcaaa aggtgatt NA 
NM-AGGTGGTT gcaaaaggtggttaaactgcaaa aggtggtt NA 
NM-AGGTGTTA gcaaaaggtgttaaaactgcaaa aggtgtta NA 
NM-AGGTGCTT gcaaaaggtgcttaaactgcaaa aggtgctt NA 
 
90 	
confirmed to be a more efficient activator domain than VP64 and was used as the transactivation 
domain in the following experiments. 
 
I then evaluated the orthogonality between the two Cas9 proteins for regulating multiple genes. 
To be orthogonal, a Cas9 ortholog must only recognize its own cognate gRNA and PAM 
sequence. I constructed an eGFP reporter plasmid with seven copies of identical target sequence 
that contains both PAM sequences for dCas9SP and dCas9NM. I tested eGFP activation by 
different dCas9-VPR/gRNA combinations. Only combinations of dCas9-VPR and gRNA from 
the same species activated eGFP expression (Figure 4.3). This observation is consistent with a 
previous study [15], suggesting that dCas9SP and dCas9NM are fully orthogonal to each other and 
can be used to bind to different target sites within the same genome. 
 
I further selected gRNA targeting sequences for efficient activation of four endogenous human 
genes: ASCL1, TTN, IL1RN and RHOXF2 (Table 4.1, Figure 4.4). The selected genes are 
normally expressed in different tissues but repressed in HEK293T cells. To enable an orthogonal 
control, the gRNAs targeting ASCL1 and IL1RN were designed to be recognized by dCas9SP, 
while the gRNAs targeting TTN and RHOXF2 were designed to be recognized by dCas9NM. 
Previous studies have shown that the use of different gRNA targeting sites resulted in varying 
gene activating efficiencies. Furthermore, synergistic effects can be achieved when multiple 
gRNAs targeting the same gene are co-transfected into the cell [7, 8]. It has not been fully 
understood how the DNA sequence and position of a target site affect the efficiency of dCas9 
activators, especially for the less characterized dCas9NM activators. To select for efficient 
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Figure 4.4 a) Gene activation profiles of ASCL1 and IL1RN gRNAs using dCas9SP-VPR. b) Gene activation profiles 
of TTN and RHOXF2 gRNAs using dCas9NM-VPR. Experiments were performed with three biological replicates. 
Error bars represent standard error of the mean. 
 
gRNAs, I designed four gRNAs for each of three endogenous human genes: ASCL1, TTN, and 
RHOXF2 (Table 4.1), by simply searching for PAMs (NGG for dCas9SP, NNNNGATT or 
NNNNGCTT for dCas9NM) closest to the transcription start site of each gene. Another four 
gRNAs targeting IL1RN were selected from a previous study [7]. When dCas9-VPR alone was 
transfected into HEK293T cells without gRNA, gene activation was not observed (Figure 4.4). I 
then transfected HEK293T cells with dCas9-VPR, together with either single or all gRNAs 
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targeting the same gene. For both CRISPR/Cas systems, I observed varying gene activating 
efficiencies among different gRNAs. For ASCL1 and IL1RN, all the single gRNAs were able to 
activate target gene expression on their own (Figure 4.4a). For ASCL1, the highest activation 
efficiency was observed when all four gRNAs were transfected into the cells. However, the 
synergistic effect was not obvious since the sum of activation efficiencies of all four gRNAs was 
higher. The gRNA 130bp upstream of the transcription start site (SP-ASCL1-130, Table 4.1) 
gave the highest efficiency among the four gRNAs targeting ASCL1. For IL1RN, all four gRNAs 
gave comparable activation efficiencies. An obvious synergistic effect was observed when all 
four gRNAs were transfected into the cells, which is consistent with the previous study [7]. For 
TTN and RHOXF2, some gRNAs failed to activate target gene expression (Figure 4.4b). For 
TTN, only gRNA NM-TTN-68 (Table 4.1) activated gene expression. A reduced activation 
efficiency was observed when all four gRNAs were transfected into the cells, possibly due to the 
dilution of the effective gRNA. For RHOXF2, two of the four gRNAs (NM-RHOXF2-148 and 
NM-RHOXF2-302, Table 4.1) activated target gene expression. A slight synergistic effect was 
observed when all four gRNAs were transfected. Efficient gRNAs for each gene (gRNAs 130 for 
ASCL1; 29, 113, 145, and 180 for IL1RN; 68 for TTN; 148 and 302 for RHOXF2, Table 4.1) 
were used for the following experiments. 
 
Different configurations of LBD-fused dCas9 activators were then characterized. I utilized two 
CID protein pairs, gibberellin-induced GAI/GID1 and rapamycin-induced FKBP/FRB (Figure 
4.1), that have been previously shown to be orthogonal and used for constructing logic gates in 
living mammalian cells [19]. I fused one copy of GAI to the C-terminus of dCas9SP and one copy 
of GID1 to the N-terminus of VPR, and tested activation of an eGFP reporter gene under two 
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Figure 4.5 Determining optimal GA3-AM concentration and protein design for gene activation. Experiments were 
performed with two biological replicates. Error bars represent standard error of the mean. Significance was 
determined versus Reporter control. ***, P < 0.001. ****, P < 0.0001. ns, not significant. 
 
different concentrations of a gibberellin analog GA3-AM, as previously reported [19]. Similar 
levels of eGFP activation were observed with 10 µM and 100 µM GA3-AM induction. When 
GID1 is fused to dCas9SP and GAI is fused to VPR, a decreased level of eGFP activation was 
observed under both GA3-AM concentrations (Figure 4.5). As a result, I used dCas9SP-
GAI/GID1-VPR pair and 10 µM GA3-AM to activate endogenous ASCL1 expression in 
HEK293T cells. However, no significant gene activation was observed (Figure 4.1a). Previous 
study on the FKBP/FRB dimerization system concluded that fusing multiple copies of FKBP to 
the DNA binding domain may recruit more copies of FRB-fused activation domain, leading to an 
increased gene activation efficiency [20]. Adopting the same principle, I tested up to four copies  
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Figure 4.6 Dose response curve of rapalog concentration for gene activation. dCas9SP-2×FKBP and FRB-VPR were 
used. Experiments were performed with two biological replicates. Error bars represent standard error of the mean. 
 
of GAI fused to dCas9SP. The highest activation efficiency was achieved when three copies of 
GAI were used (Figure 4.1a). Since multiple copies of FKBP fused to the DNA binding domain 
was shown to work well [20], I fused two copies of FKBP to the C-terminus of dCas9SP and one 
copy of FRB to the N-terminus of VPR. A rapamycin analog (rapalog) concentration of 0.1 µM 
was sufficient to activate eGFP expression (Figure 4.6). To create an orthogonal system to 
dCas9SP-3×GAI/GID1-VPR, I fused two copies and three copies of FKBP to the C-terminus of 
dCas9NM, and tested activation of endogenous TTN expression under 0.1 µM rapalog. Two 
copies and three copies of FKBP showed comparable levels of gene activation (Figure 4.1b). To 
ensure the highest activation efficiencies and minimal protein sizes, which is desired for gene 
delivery, I used dCas9SP-3×GAI/GID1-VPR and dCas9NM-2×FKBP/FRB-VPR in the following 
experiments (Figure 4.7). 
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Figure 4.7 Expression cassettes of gRNAs and proteins used in this study. 
 
4.2.2 Simultaneous Activation of Multiple Endogenous Human Genes 
As discussed in chapter 1, a significant advantage of using dCas9 as DNA binding domain is the 
great ease of multiplexing [21]. By simply co-expressing multiple gRNAs targeting multiple 
genes, dCas9 activators can be recruited to multiple loci across the genome and activate 
expression of multiple genes simultaneously. This is particularly important in applications where 
multiple genes have to be activated to carry out a certain biological process [1]. To test the 
potential of activating multiple genes in a ligand-dependent manner, I transfected HEK293T 
cells with gRNAs targeting two different genes. I used dCas9SP-3×GAI/GID1-VPR for activating 
ASCL1 and IL1RN (Figure 4.8a), and dCas9NM-2×FKBP/FRB-VPR for activating TTN and 
RHOXF2 (Figure 4.8b). Upon ligand addition, both pairs of genes were simultaneously 
activated. While in the absence of the ligand, the expression level of each gene was similar to the  
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Figure 4.8 Simultaneous induction of multiple endogenous human genes. a) Simultaneous activation of ASCL1 and 
IL1RN by dCas9SP-3×GAI/GID1-VPR. b) Simultaneous activation of TTN and RHOXF2 by dCas9NM-
2×FKBP/FRB-VPR.  For a and b, n = 5 biological replicates. c) Simultaneous activation of four genes by dCas9SP-
2×FKBP/FRB-VPR. For c, n = 3 biological replicates. All error bars represent standard error of the mean. All 
significance levels were determined versus untransfected samples. *, P < 0.05. **, P < 0.01. ***, P < 0.001. ****, P 
< 0.0001. 
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basal level observed in untransfected cells (Figure 4.8a,b). Thus, both dCas9SP-3×GAI/GID1-
VPR and dCas9NM-2×FKBP/FRB-VPR can be used for activating multiple genes simultaneously 
and in a ligand-dependent manner. To realize the simultaneous activation of all four genes, I 
further designed gRNAs SP-TTN-68, SP-RHOXF2-144 and SP-RHOXF2-304 (Table 4.1) that 
target roughly the same regions as NM-TTN-68, NM-RHOXF2-148 and NM-RHOXF2-302, for 
activating TTN and RHOXF2 using dCas9SP activators. In this case I used dCas9SP-
2×FKBP/FRB-VPR for simultaneous induction of all four genes by rapalog. Upon rapalog 
addition, activation of all four genes was observed with minimal background (Figure 4.8c). 
Comparing these simultaneous activation experiments gives an indirect comparison between 
different dCas9 platforms and CID systems. The activation fold of TTN decreased in the four 
gene activation experiment as compared to that in the two gene activation experiment (Figure 
4.8), where different dCas9s but the same CID system were used. This may be due to a variety of 
reasons including dilution of the gRNA expression plasmid, gene-gene interactions or 
inefficiency of dCas9SP in binding to that particular target locus. However, the activation fold of 
RHOXF2 was significantly increased when dCas9NM was replaced by dCas9SP (Figure 4.8). 
These results suggest that different genes or target sites may have different preferences over 
different dCas9 platforms. On the other hand, the activation folds of ASCL1 and IL1RN both 
increased when GAI/GID1 was replaced by FKBP/FRB, indicating that FKBP/FRB is a more 
efficient dimerizing system for recruiting the VPR domain. 
 
4.2.3 Orthogonal Activation of Different Endogenous Human Genes 
Next, I sought to evaluate whether two genes can be orthogonally regulated by two different 
ligands. HEK293T cells were transfected with dCas9SP-3×GAI/GID1-VPR, dCas9NM-
2×FKBP/FRB-VPR, and a mixture of gRNAs targeting two different genes. I tested orthogonal  
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Figure 4.9 Orthogonal regulation of two different genes. a) Orthogonal regulation of ASCL1 and TTN. ASCL1 is 
activated in the presence of GA3 (blue triangle), while TTN is activated in the presence of rapalog (yellow square). 
b) Orthogonal regulation of IL1RN and RHOXF2. IL1RN is activated in the presence of GA3, while RHOXF2 is 
activated in the presence of rapalog. n = 3 biological replicates. All error bars represent standard error of the mean. 
All significance levels were determined versus untransfected samples. **, P < 0.01. ***, P < 0.001. ND, not 
detected. 
 
regulation of two pairs of genes, ASCL1/TTN and IL1RN/RHOXF2, where ASCL1 and IL1RN 
were induced by GA3-AM and TTN and RHOXF2 were induced by rapalog. Distinct gene 
expression patterns were then induced by adding either a single ligand or both ligands (Figure 
4.9). For ASCL1/TTN gene pair, only ASCL1 expression level increased upon GA3-AM addition, 
while only TTN expression level increased upon rapalog addition. When both ligands were 
added, both ASCL1 and TTN expression levels increased (Figure 4.9a). The activation 
efficiencies of ASCL1 and TTN with addition of a single ligand both decreased as compared to 
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the experiments when only one CRISPR/Cas9 activator system was transfected (Figure 4.1a,b). 
This may be due to the reduced amount of transfected plasmids expressing each system, as was 
observed in a previous study [8]. For the IL1RN/RHOXF2 gene pair, an orthogonal regulation 
was also achieved under similar experimental settings (Figure 4.9b). For both gene pairs, it was 
observed that the activation efficiencies decreased when both ligands were added, which may be 
due to additive toxic effects to the cells. To further demonstrate the ability of our systems to 
induce dynamic gene expression patterns, I monitored expression of ASCL1 and TTN for three 
days post-transfection, during which GA3-AM or rapalog were added upon different days 
(Figure 4.10a). In one experiment, GA3-AM was present during day 2 post-transfection. At the 
end of day 2, GA3-AM was washed away and rapalog was added and kept present during day 3 
post-transfection. In this scenario, the activation of ASCL1 was observed after 24 hours induction 
with GA3-AM, and then reversed when GA3-AM was washed away. On the other hand, no 
significant activation of TTN was observed at the end of day 2. After induction with rapalog for 
24 hours, the activation of TTN was observed (Figure 4.10b upper panel). In another experiment, 
the sequence of GA3-AM and rapalog addition was reversed. In this scenario, the activation of 
ASCL1 was only observed during day 3 post-transfection, while the activation of TTN was 
observed during day 2 post-transfection, and reversed during day 3 post-transfection when 
rapalog was washed away (Figure 4.10b lower panel). The results above collectively  
demonstrated that the two CRISPR/Cas9 activator systems developed in this study can be used 
for orthogonal and temporal regulation of multiple genes. 
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Figure 4.10 Temporal regulation of two different genes. a) Scheme showing temporal regulation of ASCL1 and TTN 
by GA3-AM and rapalog. In the presence of GA3-AM (blue triangle), ASCL1 is activated while TTN remains 
repressed. When GA3-AM is replaced by rapalog (yellow square), TTN is activated while ASCL1 becomes 
repressed. b) Upper panel, GA3-AM was added on day 1 post-transfection. On day 2 post-transfection, GA3-AM 
was washed away and rapalog was added. Lower panel, rapalog was added on day 1 post-transfection. On day 2 
post-transfection, rapalog was washed away and GA3-AM was added. n = 3 biological replicates. All error bars 
represent standard error of the mean. All significance levels were determined versus untransfected samples except 
for day 3 TTN in lower panel, which is determined versus day 2 TTN in the same figure. *, P < 0.05. **, P < 0.01. 
***, P < 0.001. 
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4.3 Discussion 
In this chapter, I developed two chemically inducible and orthogonal CRISPR/Cas9 activators by 
combining orthogonal CRISPR/Cas9 systems and orthogonal CID systems. These activators 
enabled temporal regulation of multiple genes. By physically dissociating dCas9 and the 
transactivation domain in the absence of the ligand, these activators induced expression of 
endogenous human genes with minimal background, which is challenging for previous designs 
[10-12]. Furthermore, coordinated regulation of multiple endogenous human genes was realized 
through the use of orthogonal ligands.   
 
The major application of this system is to regulate multiple genes in a time-dependent manner. 
This could have many applications in terms of studying gene functions. For example, by 
simultaneously activating multiple genes, functional interactions between different genes in a 
certain developmental stage can be studied. By fine-tuning the ligand doses or repeatedly 
switching between different ligands, it is also possible to study phenotypic consequences of 
complex genetic perturbations that are difficult to achieve with current technologies. Given the 
ease of multiplex targeting, it is also possible to orthogonally regulate multiple groups of genes. 
 
In comparison with the light-induced CRISPR/Cas9 activators [22, 23], more CID systems are 
available [14] as compared with light activated proteins, which is important when regulating 
higher order regulatory networks. With the characterization of a growing number of CRISPR 
systems [24], it should be possible to scale up the number of genes that can be orthogonally 
regulated, enabling a more sophisticated regulation of gene networks. A similar work 
demonstrated orthogonal and inducible regulation of two genes by using dCas9 from 
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Staphylococcus aureus and an abscisic acid inducible ABI/PYL1 CID system in addition to 
dCas9SP and GAI/GID1 CID system [25]. This study complemented with this work, collectively 
showing that the number of orthogonally controlled genes can be scaled up. In their work, 
FKBP/FRB system was also tested but was concluded to be less potent than GAI/GID1 system. 
While in this work, FKBP/FRB was shown to be more potent than GAI/GID1, possibly due to 
the multiple copies of LBDs used in this study. The orthogonal regulation of different genes has 
also been reported by using programmable RNA scaffolds [26]. It is likely that chemical 
induction of orthogonal gene activation can be achieved via RNA scaffolds, by fusing CID 
proteins to RNA binding proteins. In such cases, a single Cas9 ortholog will be sufficient for 
orthogonal regulation of multiple genes. 
 
Besides gene activation, this system can also be used to induce gene repressions, epigenetic 
modifications [27] and precise genome editing [28] by replacing activation domain with suitable 
effector domains, thus enabling coordinated control of distinct biological processes. For 
example, the consequences of simultaneous gene editing and regulation can be studied. By 
replacing the effector domain with another DNA binding domain such as another dCas9 
ortholog, it is possible to tether two remote genomic loci and study the effects of altered genome 
architecture in a reversible manner. The chemically induced CRISPR/Cas9 activator systems 
developed in this chapter should be useful for studies in both basic and applied science where 
coordinated regulation of multiple biological processes is needed. 
 
4.4 Materials and Methods 
4.4.1 Plasmid Construction 
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Plasmid pcDNA-dCas9-VP64 expressing dCas9SP-VP64 was purchased from Addgene 
(Addgene plasmid 47107). All pcDNA plasmids were assembled using In-Fusion HD cloning kit 
(Clontech Laboratories, Mountain View, CA). Plasmid pcDNA-dCas9SP-VPR was made by 
assembling a PCR amplified VPR fragment with AscI/PacI digested pcDNA-dCas9-VP64 
backbone. Plasmids pcDNA-dCas9SP-2×FKBP, pcDNA-dCas9SP-GAI, and pcDNA-dCas9SP-
GID1 were made by assembling PCR amplified 2×FKBP, GAI, and GID1 fragments with 
AscI/XbaI digested pcDNA-dCas9-VP64 backbone, respectively. Plasmid pcDNA-dCas9SP-
2×GAI was made by assembling a PCR amplified GAI fragment with AscI digested pcDNA-
dCas9SP-GAI. Repeating this process generated pcDNA-dCas9SP-3×GAI and pcDNA-dCas9SP-
4×GAI. Plasmid pcDNA-dCas9NM-VP64 was made by assembling a PCR amplified dCas9NM 
fragment with SacII/BstEII digested pcDNA-dCas9-VP64 backbone. Plasmid pcDNA-dCas9NM-
VPR was made by assembling a PCR amplified VPR fragment with AscI/PacI digested pcDNA-
dCas9NM-VP64 backbone. Plasmid pcDNA-dCas9NM-2×FKBP was made by assembling a PCR 
amplified dCas9NM fragment with ClaI/BstEII digested pcDNA-dCas9SP-2×FKBP backbone. 
Plasmid pcDNA-dCas9NM-3×FKBP was made by assembling a PCR amplified FKBP fragment 
with AscI digested pcDNA-dCas9NM-2×FKBP. Plasmids pcDNA-FRB-VPR, pcDNA-GAI-VPR, 
and pcDNA-GID1-VPR were made by assembling PCR amplified FRB, GAI and GID1 
fragments with SacII/BstEII digested pcDNA-dCas9SP-VPR backbone, respectively. Plasmid 
pSPgRNA expressing a S. pyogenes gRNA was purchased from Addgene (Addgene plasmid 
47108). A 20bp guide sequence was cloned into pSPgRNA by annealing and phosphorylating 
two complementary oligonucleotides 5’-caccgN(20)-3’ and 5’-aaacN(20)c-3’, then ligating into a 
BbsI digested pSPgRNA backbone. N(20) represents the 20bp guide sequence. Plasmid 
pNMgRNA expressing a N. meningitidis gRNA was made by assembling a gBlock fragment 
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(Integrated DNA Technologies, Coralville, IA) containing a hU6 promoter, two BbsI sites and a 
N. meningitidis gRNA structural part with NdeI/SacI digested pSPgRNA backbone using In-
Fusion HD cloning. A 23bp guide sequence was cloned into pNMgRNA by annealing and 
phosphorylating two complementary oligonucleotides 5’-caccgN(23)-3’ and 5’-caacN(23)c-3’, 
then ligating into a BbsI digested pNMgRNA backbone.  All guide sequences used in this study 
are summarized in Table 4.1. All eGFP reporter plasmids with different target sites were 
generated by annealing and phosphorylating two complementary oligonucleotides containing 
seven copies of target sites, then ligating into a XmaI/BglII digested pGL3-Basic-9×Seq2-
hCMVmp-eGFP plasmid [29] backbone. 
 
4.4.2 Cell Culture, Transfections and Induction 
HEK293T cells were maintained in DMEM (UIUC Cell Media Facility, Urbana, IL) 
supplemented with 10% FBS and 1% penicillin/streptomycin at 37°C in a humidified 5% CO2 
incubator. For transfections, 9 × 104 cells were plated per well of a 24-well plate. In 24 hours 
after plating, cells were transfected with Lipofectamine 2000 (Invitrogen, Carlsbad, CA) using 5 
µL reagent per well. For activating reporter genes using constitutive dCas9 activators, each well 
was transfected with 50 ng, 117.5 ng, 200 ng and 82.5 ng of eGFP reporter plasmid, dCas9-
VP64/VPR plasmid, gRNA expressing plasmid and a stuffer plasmid pCMV5, respectively. For 
activating reporter genes using inducible dCas9 activators, each well was transfected with 50 ng, 
117.5 ng, 200 ng and 82.5 ng of eGFP reporter plasmid, dCas9-LBD plasmid, gRNA expressing 
plasmid, and LBD-VPR plasmid, respectively. A well transfected with 50 ng of eGFP reporter 
plasmid and 400 ng of pCMV5 was used to determine basal eGFP expression level. For 
activating a single endogenous gene using constitutive dCas9 activators, each well was 
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transfected with 250 ng and 200 ng of dCas9-VPR plasmid and gRNA expression plasmids, 
respectively. For activating a single endogenous gene using inducible dCas9 activators, each well 
was transfected with 150 ng, 100 ng and 200 ng of dCas9-LBD plasmid, LBD-VPR plasmid, and 
gRNA expression plasmids, respectively. Equal amounts of gRNA expression plasmids were 
pooled to a total amount of 200 ng if multiple gRNAs were used to target the same gene. For 
activating multiple genes simultaneously, equal amounts of gRNA expression plasmids targeting 
each gene were pooled to a total amount of 200 ng. Different gRNA expression plasmids 
targeting the same gene were further sub-pooled in this case. For orthogonal regulation of two 
genes, each well was transfected with 75 ng, 50 ng and 100 ng of each dCas9-LBD plasmid, 
LBD-VPR plasmid and gRNA expression plasmids, respectively. In 24 hours after transfection, 
cells were induced with fresh media supplemented with appropriate ligands. For dynamic 
regulation experiments, cells were washed with PBS three times on day 2 post-transfection 
before addition of ligand-supplemented media. A stock of 5 mM GA3-AM in DMSO and a stock 
of 0.05 mM rapalog (Clontech Laboratories, Mountain View, CA) in DMSO were used to make 
working concentrations. 
 
4.4.3 Flow Cytometry 
For comparing VP64 and VPR, cells were collected 24 hours after transfection. For all other 
experiments, cells were collected 48 hours after transfection. Collected cells were resuspended in 
300 µL PBS + 0.5 mM EDTA to prepare flow cytometry samples. Samples were analyzed on a  
LSR II Flow Cytometer (BD Biosciences, San Jose, CA). Arithmetic mean of eGFP fluorescence 
was used to calculate fold activation comparing to a reporter only control. 
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Figure 4.11 qRT-PCR standard curves for ACTB, ASCL1, IL1RN, TTN and RHOXF2. 
 
4.4.4 Quantitative Real Time PCR 
Cells were collected in 48 hours or on appropriate days after transfection. RNA was purified 
using the RNeasy mini kit (Qiagen, Germantown, MD) with RNase free DNase treatment. cDNA 
was synthesized from 1 µg RNA using the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA). 
1 µL of cDNA was used for each qPCR reaction, using the iQ SYBR Green Supermix (Bio-Rad, 
Hercules, CA). qPCR primers for ACTB, ASCL1, IL1RN and TTN were previously reported. 
qPCR primers for RHOXF2 were designed using Primer3Plus (http://primer3plus.com/cgi-
bin/dev/primer3plus.cgi). All qPCR primers are listed in Table 4.2. qPCR was run with three 
technical replicates on the 7900HT Fast Real-Time PCR System (Applied Biosystems, Waltham, 
MA) with 40 amplification cycles. Ct values were derived from the log phase of PCR using a 
threshold of 12 and a baseline of 1 to 10 in the SDS software (version 2.4.1, Applied 
Biosystems). Outliers within the three technical replicates were removed. dCas9-VPR activated  
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Table 4.2  Primers for qRT-PCR. 
Gene Primers Sequence Amplicon size Reference 
ACTB ACTB-for 5’-catgtacgttgctatccaggc 250bp [16] ACTB-rev 5’-ctccttaatgtcacgcacgat 
ASCL1 ASCL1-for 5’-ggagcttctcgacttcacca 125bp [7] ASCL1-rev 5’-aacgccactgacaagaaagc 
IL1RN IL1RN-for 5’-ggaatccatggagggaagat 100bp [7] IL1RN-rev 5’-tgttctcgctcaggtcagtg 
TTN TTN-for 5’-tgttgccactggtgctaaag 204bp [16] TTN-rev 5’-acagcagtcttctccgcttc 
RHOXF2 RHOXF2-for 5’-ttttccaacgcgagcagttc 154bp This study RHOXF2-rev 5’-ggcagcatgtttcttgccat 
 
samples were used to construct qPCR standard curves (Figure 4.11), from which relative gene 
expression levels were calculated. Relative gene expression levels of technical replicates were 
then averaged. All gene expression levels of ASCL1, IL1RN, TTN and  
 
RHOXF2 were normalized to the expression levels of ACTB. To account for variations in basal 
gene expression levels, 11 independent biological replicates of ASCL1, IL1RN, TTN and 10 
independent biological replicates of RHOXF2 were tested and the average values were used as 
basal gene expression levels. Genes failed to amplify within 40 cycles were considered not 
expressed. 
 
4.4.5 Statistical Analysis 
Data is shown as mean ± s.e.m, with biological replicate numbers indicated in the figure legends. 
All P values were generated from two-tailed t-tests using the GraphPad Prism software package 
(version 6.0c, GraphPad Software). 
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Chapter 5. Ligand-inducible Conversion of Fibroblasts to Neuronal Cells 
5.1 Introduction 
In Chapter 4, I discussed the development of two chemically induced, orthogonal CRISPR/Cas9 
activator systems for genetic regulation in human cells. In this chapter, I sought to test whether 
these transcription activators work well in a different type of mammalian cell line and to further 
demonstrate the utility of chemically induced CRISPR/Cas9 activators. To this end, I sought to 
differentiate mouse embryonic fibroblasts into neuronal cells in a ligand-inducible manner. This 
could serve as a preliminary example of using chemically induced CRISPR/Cas9 activators for 
regulating complex gene regulatory networks. 
 
Mouse embryonic fibroblasts (MEFs) are primary cells prepared from mouse embryos [1]. 
Fibroblasts have been widely used for differentiating into other useful cell lines. As discussed in 
Chapter 4, master transcription factors work in concert to reprogram the gene expression pattern 
of a cell and determine its fate. By ectopically expressing lineage-specific transcription factors, 
mouse fibroblasts have been reprogrammed to a variety of other cell lines including induced 
pluripotent stem cells (iPSCs) [2-5], melanocytes [6], muscle cells [7-10], and neuronal cells [11-
17]. These studies provided preliminary evidence that primary cells such as skin cells obtained 
from a patient can be reprogrammed to other cell types for the treatment of degeneration diseases 
such as muscular dystrophy [18], Alzheimer’s disease [19], and Parkinson’s disease [20]. 
Coupled with gene therapy in which the disease causing mutation is repaired by genome editing, 
such reprogramming promises to offer a cure for genetic disorders. For conversion of MEFs to 
neuronal cells, three endogenous transcription factors were found to be sufficient for lineage 
commitment [15]. These transcription factors were Brn2, Ascl1, and Myt1l (BAM factors).  
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Figure 5.1 Different methods of reprogramming MEFs to neuronal cells. a) MEFs were transiently transfected with 
BAM factors. b) Endogenous BAM factors were activated by constitutive CRSIPR/Cas9 activators. The dCas9 
activator and the gRNAs were either transiently transfected or stably integrated. c) MEFs were transfected or 
transduced with chemically induced CRISPR/Cas9 activators. Upon addition of a chemical ligand such as rapalog, 
BAM factors were induced and initiated the reprogramming process. 
 
Transient expression of BAM factors on episomes induced a change in the epigenetic status of 
endogenous BAM loci. This epigenetic change induced the expression of endogenous BAM 
factors and caused the gene expression network to be reprogrammed (Figure 5.1a). In most 
cases, the repressed endogenous transcription factor loci are associated with repressive 
epigenetic marks and can be slow to activate, necessitating a prolonged expression of ectopic 
transcription factors. This poses challenges on transient transfection technologies as transiently  
113 	
 
 
Figure 5.2 Design of pHAGE2 lentiviral vectors. a) dCas9-LBD was cloned in frame with a puromycin resistant 
marker puroR. b) LBD-VPR was cloned in frame with a blasticidin resistant marker blaR. Multiple gRNA 
expression cassettes were cloned upstream of the LBD-VPR expression cassette. LTR, long terminal repeat. Ψ, virus 
packaging signal. RRE, rev response element. cPPT, central polypurine tract. WPRE, woodchuck hepatitis virus 
post-transcriptional regulatory element. 
 
transfected DNA will be diluted and eventually lost from most of the cells in several days, which 
is not long enough for the reprogramming to complete. 
 
CRISPR/Cas9 based artificial transcription activator offers a way to directly activate endogenous 
BAM factors by removing the repressive epigenetic marks [21], thus ensuring a sustained 
expression of BAM factors throughout the entire process of reprogramming (Figure 5.1b). 
Adding a layer of chemical control over CRISPR/Cas9 activator induced reprogramming should 
help to reduce potential off-target activating events [22, 23] and may eventually offer a 
simplified way of reprogramming cells in situ (Figure 5.1c). 
 
5.2 Results 
5.2.1 Generation of Lentiviral Vectors 
I first attempted to generate HEK293T cell lines that stably express the chemically induced 
CRISPR/Cas9 activators. These stable cell lines are used to characterize chemically induced  
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Figure 5.3 Activation of the endogenous TTN gene using transiently transfected lentiviral vectors. HEK293T cells 
were transfected with pHAGE2-dCas9NM-2×FKBP-P2A-puroR, pHAGE2-FRB-VPR-P2A-blaR, and either 
pHAGE2-nmTTN-spASCL1-GID1-VPR-P2A-blaR (middle column) or pNMgRNA-TTN-68 (right column). For 
untransfected cells, n = 3 biological replicates. For transfected cells, n = 2 biological replicates. Error bars represent 
standard error of the mean. P values were determined against untransfected cells. ***, P < 0.001. ****, P < 0.0001. 
 
CRISPR/Cas9 activators in the long-term studies. I used human immunodeficiency virus type 1 
(HIV)-based vectors (pHAGE2) to integrate gene expression cassettes into the HEK293T 
genome. Although the size of the transgene insert into the lentiviral vector is not strictly 
restricted, the viral titer decreases with increasing vector length [24]. Due to the large sizes of 
gene expression cassettes used, I constructed two lentiviral vectors to deliver all the protein and 
gRNA encoding genes (Figure 5.2). Each vector contains an antibiotic selection marker (puroR 
or blaR) for selecting successfully transduced cells. The dCas9-LBD protein was cloned in frame 
with a puromycin resistant gene puroR, separated by a self-cleaving peptide P2A (Figure 5.2a). 
The relatively short P2A sequence enables separation of two proteins after translation, avoiding  
115 	
 
 
Figure 5.4 Blasticidin kill curve. Different concentrations (0-20 µg/mL) of blasticidin were added into the media 
and percentage of cell survival was monitored daily using a microscope until day 8. The kill curve of the selected 
optimal concentration was labeled as red. 
 
the need of introducing long DNA sequences such as a promoter or an internal ribsome entry site 
(IRES) [25, 26]. The LBD-VPR protein was cloned in frame with a blasticidin resistant gene 
blaR, separated by a self-cleaving peptide P2A (Figure 5.2b). Multiple gRNA expression 
cassettes were cloned upstream of the LBD-VPR expression cassette (Figure 5.2b). Cells 
integrated with both lentiviral vectors will survive in the presence of both puromycin and 
blasticidin. 
 
To make sure that genes can be functionally expressed when cloned as designed in the lentiviral 
vector, I first transiently transfected HEK293T cells with the constructed lentiviral vectors. 
When co-transfected with a lentiviral vector expressing dCas9NM-2×FKBP (pHAGE2-dCas9NM- 
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Figure 5.5 Puromycin kill curve. Different concentrations (0-8 µg/mL) of puromycin were added into the media and 
percentage of cell survival was monitored daily using a microscope until day 6. The kill curve of the selected 
optimal concentration was labeled as red. 
 
2×FKBP-P2A-puroR), a lentiviral vector expressing FRB-VPR (pHAGE2-FRB-VPR-P2A-
blaR), and a lentiviral vector expressing a NM-TTN-68 gRNA (pHAGE2-nmTTN-spASCL1-
GID1-VPR-P2A-blaR), the endogenous TTN gene was significantly activated with the addition 
of rapalog (Figure 5.3). When the gRNA expressing lentiviral vector was replaced by a non-viral 
vector (pNMgRNA-TTN-68), the endogenous TTN gene was also significantly activated in the 
presence of rapalog (Figure 5.3). These results suggested that genes cloned into the lentiviral 
vector can be functionally expressed when the vectors are transiently transfected into the cell. 
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Figure 5.6 Characterization of chemically induced CRISPR/Cas9 activators in a stably integrated HEK293T cell 
line. a) Relative mRNA expression levels of TTN with or without the addition of rapalog. b) Relative mRNA 
expression levels of RHOXF2 with or without the addition of rapalog. n = 3 biological replicates. Error bars 
represent standard error of the mean. ns, not significant. 
 
5.2.2 Characterization of Chemically Induced CRISPR/Cas9 Activators in a Stable HEK293T 
Cell Line 
Kill curves were first performed to determine the optimal concentrations of blasticidin and 
puromycin for selection of stably integrated HEK293T cells. An optimal concentration is 
selected so that 100% of non-integrated wild type cells are killed in 3-15 days for blasticidin or 
2-7 days for puromycin from the start of antibiotic selection. Finally, 10 µg/mL blasticidin 
(100% of wild type cells killed in 6 days) and 2 µg/mL puromycin (100% wild type cells killed 
in 3 days) were chosen as optimal concentrations for selection (Figure 5.3 and Figure 5.4). 
 
One stable HEK293T cell line was generated by simultaneously transducing two lentiviruses 
dCas9NM-2×FKBP-P2A-puroR and nmRHOXF2-nmTTN-FRB-VPR-P2A-blaR. The cells were  
118 	
Table 5.1 All gRNA sequences targeting mouse BAM factors. SP means gRNA for dCas9SP. The number at the end 
of each gRNA means the distance in bp between the transcription start site and the base 5’ to the PAM sequence. 
gRNAs for MYT1L target near the first exon. All gRNA targeting sequences were reported previously [21]. 
gRNA Guide sequence (5’->3’) 
SP-mBRN2-51 gagagagcttgagagcgcg 
SP-mBRN2-185 ccaatcactggctccggtc 
SP-mBRN2-222 ggcgcccgagggaagaaga 
SP-mBRN2-257 gggtgggggtaccagagga 
SP-mASCL1-103 cagccgctcgctgcagcag 
SP-mASCL1-202 tggagagtttgcaaggagc 
SP-mASCL1-392 ccctccagactttccacct 
SP-mASCL1-523 ctgcggagagaagaaaggg 
SP-mMYT1L-(-255188) gtctggattcactggacaa 
SP-mMYT1L-(-255120) tagagctacacaagattaa 
SP-mMYT1L-(-255087) tacctatgctgccctatgg 
SP-mMYT1L-(-255023) agagcagggagaagcctag 
 
resistant to both puromycin and blasticidin. Three gRNA expression cassettes were cloned in a 
sequential manner (Figure 5.2b), including NM-RHOXF2-148 and NM-RHOXF2-302 targeting  
the endogenous RHOXF2 gene, and NM-TTN-68 targeting the endogenous TTN gene. However, 
neither RHOXF2 nor TTN was activated when the cells were induced by rapalog (Figure 5.6). 
Another stable HEK293T cell line was generated by simultaneously transducing four lentiviruses  
including dCas9SP-3×GAI-P2A-puroR, dCas9NM-2×FKBP-P2A-puroR, FRB-VPR-P2A-blaR, 
and nmTTN-spASCL1-GID1-VPR-P2A-blaR. The cells were resistant to both puromycin and 
blasticidin. Two gRNA expression cassettes were cloned in a sequential manner (Figure 5.2b), 
including NM-TTN-68 targeting the endogenous TTN gene, and SP-ASCL1-130 targeting the 
endogenous ASCL1 gene. Again, no TTN or ASCL1 activation was observed when cells were 
induced with rapalog or GA3-AM (data not shown). 
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Figure 5.7 Activation of mouse BAM factors by constitutive dCas9SP-VPR. Cells were transfected with pooled 
plasmids expressing gRNAs targeting mouse BRN2, ASCL1, and MYT1L together with a dCas9SP-VPR expressing 
plasmid. Untransfected cells were used to assess basal gene expression levels. n = 3 biological replicates. Error bars 
represent standard error of the mean. Significance levels were determined against untransfected samples. *, P < 
0.05. ***, P < 0.001. ns, not significant. 
 
5.2.3 Multiplex Activation of BRN2, ASCL1, and MYT1L in Mouse Embryonic Fibroblasts 
To activate endogenous BAM factors in mouse embryonic fibroblasts, I characterized the 
induction of each gene by four gRNAs (Table 5.1). The gRNAs were previously reported to 
activate mouse BAM factors when a lentivirus delivered VP64-dCas9SP-VP64 fusion protein was 
used as a constitutive transcription activator [21]. When the MEFs were co-transfected with a 
dCas9SP-VPR expressing plasmid and a mixed pool of gRNA expression plasmids targeting all 
three BAM factors, activation of all three genes were detected (Figure 5.7). 
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5.3 Discussion 
In this chapter, I conducted a preliminary study to investigate the possibility of differentiating 
MEFs to neuronal cells using chemically induced CRISPR/Cas9 activators. I first constructed 
lentiviral vectors expressing dCas9-LBD, LBD-VPR and multiple gRNAs. When transiently 
transfected into HEK293T cells, activation of an endogenous gene was observed, indicating that 
proteins and gRNAs were functionally expressed from the lentiviral vectors. However, when 
integrated into the HEK293T genome, I failed to detect gene activation. This may be due to the 
lowered copy number of inserted transgenes as compared to transiently transfected vectors. It is 
possible that transient transfection of gRNA expressing plasmids is sufficient for reprogramming 
of MEFs to neuronal cells [21]. I also tested the activation of mouse BAM factors by transiently 
transfecting MEFs with a constitutive CRISPR/Cas9 activator and previously reported gRNAs. 
Activation of all three genes were detected in a multiplex targeting experiment, indicating that 
these gRNAs are good starting points for use with a chemically induced CRISPR/Cas9 activator. 
 
5.4 Future Plans 
To test whether transient transfection of gRNA expressing plasmids is sufficient for induction of 
endogenous genes in HEK293T cells, a stable HEK293T cell line only expressing dCas9-LBD 
and LBD-VPR will be constructed. Transient transfection of this cell line with gRNA expression 
plasmids will be performed and activation of endogenous genes will be tested.  
 
Since the constitutive CRISPR/Cas9 activator activated all three BAM factors, chemically 
induced dCas9SP activators will then be tested in MEFs to assess the efficiency of ligand-
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inducible activation of BAM factors. Lentiviral transduction will be performed and induction of 
neuronal cells from MEFs will be test in the absence or presence of a chemical ligand. 
 
5.5 Materials and Methods 
5.5.1 Plasmid Construction 
pHAGE2-dCas9SP-3×GAI-P2A-puroR was generated by first cloning a CMVp-dCas9SP-GAI 
DNA fragment into a MluI/NdeI digested pHAGE2 backbone, yielding plasmid pHAGE2-
dCas9SP-GAI-puroR. A second copy of GAI was cloned into a XbaI digested pHAGE2-dCas9SP-
GAI-puroR backbone, yielding pHAGE2-dCas9SP-2×GAI-puroR. Finally, a GAI-P2A DNA 
fragment was cloned into a XbaI digested pHAGE2-dCas9SP-2×GAI-puroR backbone, yielding 
pHAGE2-dCas9SP-3×GAI-P2A-puroR. pHAGE2-dCas9NM-2×FKBP-P2A-puroR was generated 
by cloning a CMVp-dCas9NM-2×FKBP-P2A DNA fragment into a MluI/NdeI digested pHAGE2 
backbone. pHAGE2-dCas9SP-2×FKBP-P2A-puroR was generated by cloning a CMVp-dCas9SP-
2×FKBP-P2A DNA fragment into a MluI/NdeI digested pHAGE2 backbone. 
 
A blasticidin resistance gene blaR was PCR amplified and cloned into a NdeI/ClaI digested 
pHAGE2 backbone, generating plasmid pHAGE2-blaR. pHAGE2-GID1-VPR-P2A-blaR was 
generated by cloning a CMVp-GID1-VPR-P2A DNA fragment into a MluI/NdeI digested 
pHAGE2-blaR backbone. A gRNA expression cassette including a human U6 (hU6) promoter 
and the gRNA gene was cloned into a MluI digested pHAGE2-GID1-VPR-P2A-blaR backbone. 
Additional gRNA expression cassettes were cloned into the same plasmid in a sequential 
manner. pHAGE2-FRB-VPR-P2A-blaR was generated by cloning a CMVp-FRB-VPR-P2A 
DNA fragment into a MluI/NdeI digested pHAGE2-blaR backbone. A gRNA expression cassette 
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including a hU6 promoter and the gRNA gene was cloned into a MluI digested pHAGE2-FRB-
VPR-P2A-blaR backbone. Additional gRNA expression cassettes were cloned into the same 
plasmid in a sequential manner. All above mentioned plasmid assemblies were done using an In-
Fusion cloning kit (Clontech Laboratories, Mountain View, CA) 
 
Plasmid pSPgRNA expressing a S. pyogenes gRNA was purchased from Addgene (Addgene 
plasmid 47108). A 20 bp guide sequence was cloned into pSPgRNA by annealing and 
phosphorylating two complementary oligonucleotides 5’-caccgN(20)-3’ and 5’-aaacN(20)c-3’, 
then ligating into a BbsI digested pSPgRNA backbone. N(20) represents the 20 bp guide 
sequence. All guide sequences for activating BAM factors are summarized in Table 5.1. 
 
5.5.2 HEK293T Culture, Transfections and Viral Transductions 
HEK293T cells were maintained in DMEM (UIUC Cell Media Facility, Urbana, IL) 
supplemented with 10% FBS and 1% penicillin/streptomycin at 37°C in a humidified 5% CO2 
incubator. For transient transfections, 9 × 104 cells were plated per well of a 24-well plate. In 24 
hours after plating, cells were transfected with Lipofectamine 2000 (Invitrogen, Carlsbad, CA) 
using 2.5 µL reagent per well. Each well was transfected with 150 ng, 100 ng and 200 ng of 
dCas9-LBD expressing plasmid, LBD-VPR expressing plasmid, and gRNA expressing plasmids, 
respectively. 
 
For lentivirus packaging, low passage number HEK293T cells were plated in a 6-well plate the 
day before transfection. Penicillin and streptomycin were not supplemented in the media. When 
the cell confluence reached 50-60%, cells were transfected with 1 µg of pHAGE2 plasmid 
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containing transgenes, 900 ng of pCMV-dR8 plasmid, and 100 ng of pCMV-VSVG plasmid 
using 6 µL of FuGENE HD reagent (Promega, Madison, WI) per well. 24 hours after 
transfection, the media was changed to fresh DMEM supplemented with 10% FBS. The 
lentiviral supernatant was collected 48 hours after transfection and kept at -80°C. 
 
For lentivirus transduction of HEK293T cells, 1 × 105 HEK293T cells per well were plated into a 
12-well plate. 8 µg/mL of polybrene was added to each well. 100 µL of each lentiviral 
supernatant was added to appropriate wells. 
 
5.5.3 Selection of Antibiotic Resistant Cells 
For kill curve analysis, 1 × 105 HEK293T cells per well were plated into a 12-well plate. 
Different concentrations of antibiotics were added to each well two days after plating. Percentage 
of cell survival was monitored daily with a microscope. Media was changed every two days. 
 
48 hours after addition of lentiviral supernatant, lentivirus containing media was replaced by 1 
mL fresh DMEM media. 10 µg/mL blasticidin (Invivogen, San Diego, CA) was added to each 
well. The cells were selected for 4-10 days until blasticidin resistant cells grew to confluence. 
The non-transduced HEK293T cells all died after 3 days in the presence of 10 µg/mL blasticidin. 
The cells were further selected under 10 µg/mL blasticidin and 2 µg/mL puromycin 
(ThermoFisher Scientific, Waltham, MA) for 6-7 days until surviving cells grew to confluence. 
The non-transduced HEK293T cells all died after 3 days in the presence of 2 µg/mL puromycin. 
During selection, media was changed every two days. The cells were then transferred to a 60 mm 
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dish and expanded to confluence for 2-3 days under antibiotic selection. The cells were further 
expanded in a 100 mm dish to confluence for 2 days, then stored as frozen stocks. 
 
5.5.4 Induction of Gene Expression 
For transient transfections, cells were induced 24 hours after transfection with fresh media 
supplemented with appropriate ligands. For stably integrated HEK293T cells, either 9 × 104 cells 
were plated per well of a 24-well plate or 1.8 × 105 cells were plated per well of a 12-well plate. 
In 48 hours after plating, cells were induced with fresh media supplemented with appropriate 
ligands. A stock of 5 mM GA3-AM in DMSO and a stock of 0.05 mM rapalog (Clontech 
Laboratories, Mountain View, CA) in DMSO were used to make working concentrations. 
 
5.5.5 MEF Culture and Transfections 
8 mL of 0.1% gelatin (STEMCELL Technologies, Cambridge, MA) was dispensed into a 100 
mm tissue culture-treated dish. After 1 hour incubation at room temperature, all of the gelatin 
solution was aspirated and the remainder was allowed to evaporate by leaving the container in 
the hood with the lid open until no traces of the liquid remain. The lid was replaced once the 
surface was dry. For tissue culture-treated 24-well plates, 500 µL of gelatin solution was 
dispensed in each well. 
 
CD-1 mouse embryonic fibroblasts prepared from day 12.5 post coitus CD-1 embryos 
(STEMCELL Technologies, Cambridge, MA) were thawed and plated onto a gelatinized 100 
mm tissue culture dish in DMEM high glucose media (ThermoFisher Scientific, Waltham, MA) 
supplemented with 30% heat inactivated FBS (ThermoFisher Scientific, Waltham, MA) and 10-4  
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Table 5.2  Primers for qRT-PCR of mouse BAM factors. 
Gene Primers Sequence 
mGAPDH mGAPDH-for 5’-cctgctcccgtagacaaaatg mGAPDH-rev 5’-tgaaggggtcgttgatggc 
mBRN2 mBRN2-for 5’-ttattttcccggtcccttaaa mBRN2-rev 5’-gtactctcgcctgcaaaggt 
mASCL1 mASCL1-for 5’-ggaacaagagctgctggact mASCL1-rev 5’-gtttttctgcctccccattt 
mMYT1L mMYT1L-for 5’-ctcgagagagtacctgcagac mMYT1L-rev 5’-agacccccaaatgtgcagac 
 
M 2-Mercaptoethanol (STEMCELL Technologies, Cambridge, MA). The cells were allowed to 
grow at 37°C in a humidified 5% CO2 incubator overnight. The next day, the media was replaced 
with fresh DMEM high glucose supplemented with 10% FBS and 10-4 M 2-Mercaptoethanol. 
The cells were allowed to grow to confluence. MEFs were passaged at a ratio of 1:5 until 
passage number 5. 
 
For transient transfections, MEFs were plated into a gelatin-coated 6-well plate. When the 
confluence reached 70-90%, each well was transfected with 1250 ng of dCas9SP-VPR expressing 
plasmid and 1000 ng of pooled gRNA expressing plasmids using Lipofectamine 3000 
(Invitrogen, Carlsbad, CA) in accordance with manufacturer’s protocol. 
 
5.5.6 Quantitative Real Time PCR 
HEK293T cells were collected in 24 hours after ligand addition. MEFs were collected in 48 
hours after transfection. RNA was purified using the RNeasy mini kit (Qiagen, Germantown, 
MD) with RNase free DNase treatment. cDNA was synthesized from 1 µg RNA using the iScript 
cDNA synthesis kit (Bio-Rad, Hercules, CA). 1 µL of cDNA was used for each qPCR reaction, 
using the iQ SYBR Green Supermix (Bio-Rad, Hercules, CA). qPCR primers for ACTB, ASCL1 
and TTN were the same as in Chapter 4 and are listed in Table 4.2. qPCR primers for mBRN2, 
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mASCL1, and mMYT1L are listed in Table 5.2. qPCR was run with three technical replicates on 
the 7900HT Fast Real-Time PCR System (Applied Biosystems, Waltham, MA) with 45 
amplification cycles. Ct values were derived from the log phase of PCR using a threshold of 12 
and a baseline of 1 to 10 in the SDS software (version 2.4.1, Applied Biosystems). Outliers 
within the three technical replicates were removed. dCas9-VPR activated samples were used to 
construct qPCR standard curves, from which relative gene expression levels were calculated. 
Relative gene expression levels of technical replicates were then averaged. All gene expression 
levels of ASCL1 and TTN were normalized to the expression levels of ACTB. All gene expression 
levels of mBRN2, mASCL1, and mMYT1L were normalized to the expression levels of 
mGAPDH. 
 
5.5.7 Statistical analysis 
Data is shown as mean ± s.e.m, with biological replicate numbers indicated in the figure legends. 
All P values were generated from two-tailed t-tests using the GraphPad Prism software package 
(version 6.0c, GraphPad Software). 
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